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ABSTRACT
North-East Indian Monsoon Rainfall Variability over
Southeastern Peninsular India
Jothiganesh Shanmugasundaram
North-East Indian Monsoon rainfall (NEIMR) during October-December is of
immense socio-economic importance to the agriculture dependent population in the
southeastern peninsular India. NEIMR is subject to extreme year-to-year and intraseasonal variability that needs to be understood to enhance climate resilience. An
understanding of NEIMR variability and the physical processes behind this variability
would help to improve the predictability of NEIMR variation over the southeastern
peninsular of India. An insight into past societal responses to monsoon variability would
be a great lesson for adapting to future climate challenges. This dissertation seeks to
examine the intra-seasonal variability of NEIMR and its driving ocean-atmospheric
conditions, and simultaneously understand the past societal responses to these conditions.
In so doing the research addresses some of the key scientific knowledge gaps in NEIMR
and provides recommendations on how to respond to monsoon variability.
The investigation of intra-seasonal variability of pentad NEIMR using the Hidden
Markov Model indicated the presence of three dominant rainfall ‘states’ in the
southeastern peninsular of India: wet, coastal wet, and dry. These three rainfall states are
associated with distinct atmospheric circulation and surface temperature. The wet
conditions are characterized by enhanced cyclonic activities and increased moisture
convergence at 850 hPa over the Indian southeastern peninsular and its neighboring
oceanic regions – the Bay of Bengal and Indian Ocean. In contrast, the dry conditions are
associated with anticyclonic circulation and the reduced moisture convergence at 850
hPa.
The examination of ocean and atmospheric conditions associated with wet
NEIMR conditions over the southeastern peninsular of India revealed that sea surface
temperatures (SSTs) significantly increased over the Bay of Bengal during all the
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simultaneous and lagged time steps. The SSTs were significantly increased over the
equatorial western Indian Ocean during the lag-2, -3, and -4 time steps before the
occurrence of wet NEIMR conditions. At the same time, the latent heat fluxes (LHF)
decreased over the Bay of Bengal (all time steps) and increased over the Indian Ocean
(same and lags-1 and -2). The differences in the relationships with wet NEIMR between
SST and LHF over the two ocean basins are possibly due to the differing atmospheric
moisture demands and lower level winds. The investigation of moisture transport
processes indicates that moisture transport was dominant over the lower atmospheric
levels (1000 to 850 hPa). The moisture from the equatorial Indian Ocean region was
transported to the moisture-abundant Bay of Bengal region through westerly anomalies
and subsequently the moisture was carried to the southeastern peninsular of India through
strong cyclonic circulation.
An investigation of instrumental and proxy climatic data sets between 500 and
2010 CE indicates that the period between ~850 and ~1300 CE, a time of frequent El
Niño-like conditions, was associated with a substantial increase in NEIMR, whereas
South-West Indian monsoon rainfall (SWIMR) suffered substantial deficits. The spatial
pattern and chronology of water harvesting infrastructure developed under Chola rule
indicate that these features were concentrated in the NEIMR-receiving regions of
southeastern India and that their construction peaked during El Niño-dominated intervals.
Overall, enhanced NEIMR conditions and adaptation strategies practiced in the Chola’s
territory, combined with less favorable climatic conditions over the neighboring
kingdoms, appears to have underpinned the well-documented political and economic
strengths of the Chola Kingdom. I infer that the water management infrastructure
promoted by the Chola rulers helped to buffer the consequences of climatic extremes in
later history, whether from droughts (e.g. the El Niño-related mega-drought of 1876–
1878) or floods (because the reservoirs contained surplus runoff).
Overall, the spatio-temporal characterization of the three rainfall states, and the
ocean and atmospheric processes associated with the wet NEIMR conditions over the
southeastern peninsular of India could provide a valuable scientific input for enhancing
rainfall predictability, which is of huge socioeconomic value to agriculture and water
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resource management sectors in the Indian southeastern peninsular. Further, the lessons
from the past would be a valuable input for adapting to future climate challenges in the
southeastern peninsular of India. Especially for the planners and policymakers who
would gain from restoring value to the existing tank system as a means of managing
climatic risk in Southern India, and for ensuring the related goals of food security, food
sovereignty, and urban flood hazards are suitably managed within a “capable” landscape.
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1 Introduction
More than half the world’s population resides in the Asian monsoon climate region
(Chen 2006). Agrarian-based societies have developed in these monsoon regions because
of abundant solar radiation and rainfall, which are two essential ingredients for successful
agriculture (Webster et al. 1998). The monsoon over South Asia is driven by two distinct
seasonal wind patterns: south-westerlies during the summer season (May to September)
and north-easterlies during the winter season (October to February). The monsoonal wind
transports moisture from the ocean to land areas that brings rainfall during the summer
monsoon season (Krishnamurthy and Kinter 2003). The ocean and atmosphere
interaction causes variability in monsoon systems over space and time. The monsoon
rainfall variability that can result in extreme wet or dry regional conditions can adversely
impact agricultural yields, water resources, and infrastructure (Singh et al. 2014). As the
monsoon rainfall variability is of major socio-economic importance, understanding the
causes of monsoon rainfall variability and its predictability has received attention among
the climate research community.
India has two distinct monsoon rainfall seasons, the South-West Indian Monsoon
Rainfall (SWIMR) season during the months of June to September and the North-East
Indian Monsoon Rainfall (NEIMR) season during the months of October to December.
Except for the southeastern peninsular of India, the majority of the Indian land mass
receives its annual rainfall during the SWIMR season (Krishnamurthy and Kinter 2003).
The major rainfall receiving regions (> 500 mm/season) during the NEIMR season are
confined to the eastern side of the Western Ghats and Eastern Ghats (Figures 1a and 1b).
The entire Tamil Nadu and parts of Andhra Pradesh receive the majority of its annual
rainfall (> 60% along the coastal belt and > 30-40% over the land mass far from the
coast) during the NEIMR season (Figures 1c, 1d, and 1e). All over India, the regions
benefiting from NEIMR are lesser when compared to SWIMR. Thus, the NEIMR has
received equally less attention compared to SWIMR.
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Figure 1.1 Map showing (a) geography and topography of the southern peninsular of
India, (b) seasonal accumulated rainfall during October to December months (mm), (c)
percentage of annual rainfall received during October to December months, (d) rainfall
variation by pentad (five days period) from Jan to Dec, over the study domain (77.580.25E and 8-16N), and (e) same as (d), but for Sep to Dec
The water requirements for the agriculture sector in Tamil Nadu and parts of Andhra
Pradesh are heavily dependent on NEIMR. Around 31 million rural people depend on the
agriculture sector for their livelihoods in Tamil Nadu (DES 2013). The NEIMR deviation
from normal conditions increases the vulnerability of the agricultural sector and thereby
experiences socioeconomic impacts over the NEIMR dominated regions (Rajeevan et al.
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2012). From 2000-2012, Tamil Nadu experienced three severe drought years (2001,
2002, and 2012) and two excessive rainfall years (2008 and 2011) and each had a
socioeconomic impact on Tamil Nadu. The drought in 2001-2002 caused a loss of $1.2
billion in agricultural production and the 2012 drought accounted for a loss of
approximately 2.2 billion US$ in agriculture production (DAC 2013, UNDP 2013). The
monsoon failure impacts the agricultural sector and increases socioeconomic issues
through the cascading impacts observed on agro-processing industries, employment
opportunities, poverty rates, urban migration, price inflation, state relief budget, and the
state economy. The above normal NEIMR in the year 2011 caused an economic loss of
250-333 million US$ in the coastal districts of Tamil Nadu (DAC 2013). The impacts
during the years of excessive monsoon are more complex depending on the specific
episode, causing more physical damages on building and road infrastructures due to
flooding and strong winds from the intensified monsoon activity. The immense
socioeconomic importance of NEIMR highlights the need to understand NEIMR
variability and its influential climate drivers.
The NEIMR over the southern peninsular of India is highly variable across space and
through time (Rajeevan et al. 2012). The NEIMR is associated with the formation of a
trough of low, cyclonic circulation, easterly waves, depressions and cyclonic storms over
the Bay of Bengal (Balachandran et al. 2006). The heat and moisture fluxes over the
adjoining ocean waters (Bay of Bengal and Indian Ocean), and also those over the land
areas of peninsular India, show a strong association with seasonal NEIMR variability
(Prasanna and Yasunari 2008, George et al. 2011). The ocean and atmospheric conditions
responsible for altering these moisture sources could be major factors contributing to
NEIMR variability. Hence, studying the ocean and atmospheric interactions is important
to understand the drivers behind the NEIMR variability. The NEIMR research in the past
was heavily focused on inter-annual variability, and the seasonal or monthly rainfall time
series of NEIMR missed some key intra-seasonal variations or behavior of extreme
rainfall events. From the end-users’ perspective, seasonal NEIMR quantity is of less
value compared to intra-seasonal variation, because agriculture and hydrological
operations require rainfall information at an intra-seasonal time-scale for informed
decision-making (Gunnell et al. 2007). Moreover, farmers and decision makers in the
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agricultural sector and planning agencies require accurate intra-seasonal rainfall forecast
information for decision making in order to minimize and manage climate-associated
risks in the agricultural sector. Although understanding intra-seasonal rainfall variability
over peninsular India has a scientific and societal relevance, there are only limited studies
available on the intra-seasonal variability of NEIMR (Charlotte et al. 2012, Rajeevan et
al. 2012).
Future climate change is likely to challenge society's ability to adequately manage
water resources, particularly in the developing world. The response of past societies to
climatic variability, particularly in terms of water management (Gunnell et al 2007), can
provide useful insights into the timing and scale of response to future events. Dearing et
al. 2015 have highlighted the importance of understanding the socio-ecological system
dynamics of the past for the sustainable management of landscapes in the future. The
rural population of South India was heavily dependent on monsoon rainfall for meeting
the water requirements of its agriculture (Krishna Kumar et al. 2014, DoE 2006,
Parthasarathy et al. 1988). A perspective on societal resilience in the Anthropocene to
extreme climatic events in the past in the South India would be valuable for the people to
adapt to varying monsoon climates. Therefore, investigating the societal responses of a
complex hierarchical society to past climate change over the South Indian region would
provide insights for preparing for future climate change.
The overarching goal of this dissertation is to examine the intra-seasonal variability
of NEIMR, the NEIMR variability driven by ocean-atmospheric conditions, and
understanding past societal responses to address some of the key scientific knowledge
gaps in NEIMR and also to provide recommendations on responding to monsoon
variability. The specific research questions to address this objective are as follows:
1. How to characterize the spatio-temporal variation of pentad-mean NEIMR over
the southeastern peninsular of India into fewer discrete rainfall states? What are
the atmospheric circulation and surface temperature conditions linked to the
identified rainfall states? (Chapter 2)
2. What are the oceanic and atmospheric conditions that are associated with pentad
NEIMR variation over the southeastern peninsular of India? How is the
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atmospheric moisture, linked to the wet NEIMR conditions, transported from the
surrounding oceans to the southeastern peninsular India? (Chapter 3)
3. What are the lessons learnt from the ancient and pre-modern societal responses to
NEIMR variability in the past in adapting to monsoon variability under climate
change? (Chapter 4)
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2 Rainfall variability over the southeastern peninsular of
India
2.1

Background
NEIMR occurs during the months of October to December and contributes up to

70% of the annual rainfall over the southeastern peninsular of India (Krishnamurthy and
Kinter 2003). The southeastern peninsular receives rainfall from the South-West Indian
monsoon rainfall (SWIMR) season during the months of June to September, but this is
less significant (< 30%) when compared to NEIMR (Prasanna and Yasunari 2008,
Rajeevan et al. 2012). During the NEIMR season, the east coast of the southern
peninsular of India received maximum rainfall (> 50% of annual rainfall), compared to
the interior parts of the peninsular (30-40% of annual rainfall) (Srinivasan and
Ramamurthy 1974, Raj 2012, Rajeevan et al. 2012; also see Figure 2.1(b)). NEIMR is
critical for water requirements in the region, as the excess (flood) and deficient (drought)
NEIMR conditions increase the vulnerability of the agricultural sector and thereby gives
rise to several socioeconomic impacts (Kripalani and Kumar 2004, George et al. 2011).
For instance, the 2001-2002 drought caused an estimated loss of 1.2 billion US$ in
agriculture production and the 2012 drought accounted for a loss of approximately 2.2
billion US$ in agriculture production (DAC 2003, UNDP 2013). On the other hand, the
2011 excessive NEIMR condition caused an economic loss of 250-333 million US$ in
the coastal districts of Tamil Nadu (DAC 2003). Investigation into the spatio-temporal
variation of NEIMR can provide crucial information for climate forecasting and risk
management in the southeastern peninsular of India, whereas NEIMR has been seldom
studied (Rajeevan et al. 2012).
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Figure 2.1 Map showing (a) geography and topography of peninsular India and (b)
percentage of annual rainfall received during October to December months. The study
region is outlined in the rectangle in (b).
The amount, intensity, and duration of NEIMR is highly variable both at the interannual and intra-seasonal time scales (Raj 2012, Rajeevan et al. 2012). Recent studies
have revealed that the inter-annual variability of seasonal NEIMR exhibited random
fluctuation and abnormal rainfall quantities (Kripalani and Kumar 2004, George et al.
2011, Sreekala et al. 2011, Yadav 2012). For instance, seasonal NEIMR was abovenormal (> 19% departure from the seasonal average as defined by the India
Meteorological Department (IMD)) for 22 years and below-normal (< 19% departure
from the seasonal average) for 25 years during 1901-2004. During the below- and abovenormal years, the seasonal rainfall departures can range from -60% to +60%
(Balachandran et al. 2006). The previous studies of NEIMR indicated that the studies
were heavily focused on the inter-annual variability of seasonal NEIMR rather than on
the intra-seasonal NEIMR (Kumar et al. 2007, Rajeevan et al. 2012). As Charlotte et al.
(2012) highlighted, it was not simple to correlate the identified prominent variations in
seasonal NEIMR to intra-seasonal NEIMR. Therefore, extensive research is required to
understand the intra-seasonal nature of NEIMR (Charlotte et al. 2012, Rajeevan et al.
2012).
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The characterization of spatial and temporal patterns in the rainfall variability can be
heavily influenced by the spatial domain and the time step considered in the study. In the
past, the variability of NEIMR has been studied based on the rainfall time series averaged
over the entire southern peninsular of India (Sreekala et al. 2011, Kumar et al. 2007). The
climate and its drivers of the western (Kerala and Karnataka) and eastern (Tamil Nadu
and parts of Andhra Pradesh) sides of the southern peninsular are different due to the
different orographic effects on precipitation between the Western Ghats and the Eastern
Ghats (e.g., Gunnell 1997) and the different atmospheric circulation patterns associated
with the surrounding oceans and their interactions with the atmosphere (e.g., Srinivasan
and Ramamurthy 1974). In the past, the intra-seasonal variability of NEIMR was
investigated using daily time-step data and the findings indicated that the rainfall
variations at the daily time-step were chaotic (Charlotte et al. 2012). The pentad (five
days period) rainfall averages could suppress the large daily variations (Figure 2.2) and
might capture some key intra-seasonal rainfall characteristics that are associated with
distinct synoptic patterns (Barradas and Nigam 2013). The pentad could be the
approximate lifetime of a synoptic scale rain-bearing weather system, including cyclone
and easterly waves, although fewer attempts were made to investigate the NEIMR
variability at the pentad time scale. Examining the variability of NEIMR with pentad
rainfall time series over the southeastern peninsular of India would help to address some
of the issues concerning the spatial domain and the time-step considered in the previous
studies. Further, this examination would benefit the requirements of the end users in
agriculture and hydrological operations.
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Figure 2.2 Rainfall variability over the NEIMR domain of 77.5-80.25°E and 8-16°N
during the months of October to December for the years of 1982-2014. (a) daily rainfall
variability, and (b) pentad rainfall variability
The atmospheric circulation and surface temperature conditions controlling the
rainfall variability have been considered for both understanding and predicting rainfall
variation. Past studies have identified that the year-to-year variability of seasonal NEIMR
were modulated by the Bay of Bengal sea surface temperature, the Indian Ocean Dipole,
El Niño and the Southern Oscillation, and the Equatorial Indian Ocean Oscillation (Singh
1995, Kripalani and Kumar 2004, George et al. 2011, Sreekala et al. 2011, Yadav 2012).
All these above mentioned factors primarily caused warmer SST over the surrounding
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oceans of the southeastern peninsular of India and created more favorable conditions for
cyclones to form and propagate in southeastern India (Kripalani and Kumar 2004, Yadav
2012). Yadav (2013) documented the importance of sea surface temperatures in the
Indian Ocean in causing the inter-annual NEIMR variability through modulating the
cyclonic activities. The atmospheric circulation and surface temperature conditions linked
to the rainfall variability at intra-seasonal time scales are critical for predicting NEIMR,
whereas this aspect has been seldom studied (Charlotte et al. 2012, Rajeevan et al. 2012).
To address the above-mentioned research gaps and needs, this study investigated: (1)
rainfall states that characterize the spatio-temporal variation of pentad-mean NEIMR over
the southeastern peninsular of India and (2) the atmospheric circulation and surface
temperature conditions linked to the identified rainfall states.

2.2

Data and Methods

2.2.1 Study area
The unique topography (Western Ghats and Eastern Ghats shown in Figure
2.1(a)) of the southeastern peninsular of India sets the boundary for the two monsoon
seasons in the region, comprising the SWIMR season during June to September and the
NEIMR season during October to December. The southwesterly seasonal winds from the
Arabian Sea during the SWIMR season (Rao 1976) provides maximum benefits to the
western side of the Western Ghats (the entire Kerala and parts of Karnataka). The rain
shadow regions located on the leeward side of the Western Ghats (Tamil Nadu and parts
of Andhra Pradesh) receives less benefit from the southwest monsoonal winds. The
southeastern peninsular of India covering the entire Tamil Nadu and parts of Andhra
Pradesh receives the majority of its annual rainfall during the NEIMR season (Figure
2.1(b)) (Raj 2012). Although the state of Kerala and parts of Karnataka receive rainfall
during the NEIMR season, the climate drivers of the western and eastern sides of the
peninsular are entirely different due to the effects of topography and neighboring oceans,
as mentioned in introduction. In this study, the geographical extent of the southeastern
peninsular of India was selected (77.5-80.25°E and 8-16°N, shown as a rectangle in
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Figure 2.1(b)) as the study region to investigate the NEIMR variations at the pentad timestep.

2.2.2 Data
The IMD gridded rainfall data at 0.25° by 0.25° spatial resolution over the
southeastern India at a daily time scale for the period 1982-2014 was used in this study
(Rajeevan et al. 2006). Pentad gridded rainfall data were constructed by taking the
average of every five days from day 1 to 365 in a year. The pentad gridded rainfall data
has 73 pentads/year and 2,409 pentads for the period 1982-2014. For the leap year, 29th
February rainfall value was counted as the 13th pentad of that particular year (13th pentad
average was done for 6 days during leap years instead of 5 days). To examine the
associations with atmospheric circulation and surface temperature, the land, ocean and
atmospheric variables from the National Center for Environment Prediction (NCEP)
Reanalysis-2 data of 2.5° x 2.5° resolution were used at a daily time scale for the period
1982-2014 (Kanamitsu et al. 2002). The surface air temperature, mean sea level pressure,
specific humidity at 850 hPa, and zonal (u-wind) and meridional (v-wind) winds at the
surface, 850 and 200 hPa levels were considered in this study. The vorticity was
calculated using u- and v-winds at 850 hPa (Sikka and Gadgil 1978). The moisture
convergence was calculated by multiplying the specific humidity and by the convergence
(from u- and v-winds) variables at 850 hPa (Banacos and Schultz 2005). The gridded
reanalysis data at a daily time-step was converted to a pentad time step for the period
1982-2014. Although the constructed gridded data has 73 pentads in a year, 18
pentads/year from 03 October to 31 December (three months of the NEIMR season) were
examined for the rainfall and reanalysis data.

2.2.3 Methods
In order to understand the climatology (onset, peak, and withdrawal) of intraseasonal NEIMR, the rainfall variability was plotted for 1-73 pentads (averaged for the
years 1982-2014). The Hovmöller diagram was used (Lau and Peng, 1987) to plot the
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longitudinal and latitudinal cross-sections of rainfall and winds to show the spatiotemporal variation of the key monsoon variables during the NEIMR season.
To investigate the spatio-temporal variations of rainfall over the southeastern
peninsular India at pentad time step, the Hidden Markov Model (HMM) was used. The
HMM has advantages over other spatio-temporal techniques on three aspects: 1)
characterizing the rainfall variability into fewer discrete rainfall states at a finer temporal
scale, 2) capturing the dominant spatio-temporal variability of rainfall over a smaller
geographical extent such as the southeastern peninsular of India, and 3) obtaining the
rainfall states potentially linked to the distinct patterns of the large-scale atmospheric and
surface variables (Guttorp and Minin 1995, Wallace 2000, Dommenget and Latif 2002,
Bracken et al. 2014). The average meteorological structure appeared to be reasonable
within the HMM-derived weather state (Guttorp and Minin 1995). The HMM fits a
model to observed rainfall records by introducing a small number of discrete rainfall
states (not to be confused with political States of India). These rainfall states were
basically a diagnostic interpretation of observed rainfall variability in terms of a few
rainfall patterns. The rainfall quantity is only observable, and the rainfall states are
‘hidden’ from the observer, i.e., they are not directly observable (Robertson et al. 2006).
The HMM uses Markov chain assumption, in which the probability of the occurrence of
next state depends only on the current state and not on the rainfall state that preceded it in
the state space (Zucchini and Guttorp 1991). In sum, the HMM accounts for spatial
dependence in the data and captures the spatio-temporal pattern of rainfall intensity and
its probability of occurrence over a network of stations or grid points (Robertson et al.
2006, Greene et al. 2008, Bracken et al. 2014, Pal et al. 2015).
The HMM Tool, developed by the International Research Institute (IRI), was
employed in this study to identify rainfall states that could capture the spatio-temporal
variability within the NEIMR season over the study region (IRI 2007). The pentad
rainfall data consists of the inter-annual, annual, intra-seasonal and synoptic variations
(e.g., Wang and Rui 1990, Wang and Xu 1997). The rainfall variability on a different
time-scale could be ascribed to distinct physical mechanisms. In this study, the pentad
time series of rainfall was studied for the months of October-December (India
Meteorological Department’s definition of NEIMR period for operational applications)
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for the period 1982-2014 over the southeastern peninsular of India (297 grid locations as
shown in Figure 2.6(a)). The number of rainfall states to be modeled in the HMM is
specified by the user. The number of rainfall states cannot exceed the maximum number
of time-steps in a year. Therefore, the HMM was run for the one- to eighteen-state model,
as there were eighteen pentads in a year during October-December. The statistical and
synoptic analysis techniques were used to identify the meaningful rainfall states. The
Bayesian Information Criterion (BIC) score and probability value of state transition were
the statistical techniques utilized in this study (Schwarz 1978, Robertson et al. 2006). The
Viterbi algorithm (Forney 1978), a dynamic programming scheme, was used to express
the time evolution of the identified rainfall states within the season over the study period.
The year-to-year (inter-annual) variability of the rainfall states within the NEIMR season
was investigated using the time series of the frequency of identified rainfall states.
Further, correlation analysis (von Storch 2001) was used to measure the strength of the
associations between the frequency of rainfall states and seasonal total NEIMR.
In order to examine the atmospheric circulation and surface temperature
conditions during the identified rainfall states, the composite analysis of surface air
temperature, mean sea level pressure, winds, vorticity, and moisture convergence at the
different atmospheric levels of surface and 850 and 200 hPa for the pentad synoptic
variables in each rainfall state were used. Composite differences of the atmospheric
variables were calculated by subtracting the mean values of the pentads that fell into each
rainfall state from the mean value of all the pentads. Student’s t-test was used to quantify
the statistical significance (95%) of differences between the two composite means.

2.3

Results

2.3.1 Climatology of intra-seasonal NEIMR
The pentad variability of rainfall over the southeastern peninsular of India during
the months of January to December (averaged for the period 1982-2014) indicated that
daily rainfall amounts of more than 5 mm/day were received during October and
November (Figure 2.3(a)). The pentad variability of rainfall for the months of September
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to December is shown in Figure 2.3(b). The onset of NEIMR occurred during the 59th
pentad (18-22 October), consistent with the mean NEIMR onset defined by the IMD (Raj
2012). Peak rainfall amounts (approximately 8 mm/day) during the NEIMR season were
observed during the 61st and 62nd pentads (28 October to 6 November). The effective
rainfall period (> 5.9 mm/day - above 95th percentile of pentad time series) lasted from 18
October to 11 November, after that, the rainfall quantity dropped gradually until the
monsoon rainfall ceased at the end of December. The longitudinal (Figure 2.3(c)) and
latitudinal (Figure 2.3(d)) cross-section plots of rainfall indicate the spatial
heterogeneities of rainfall at pentad time-scale during the months of January to
December, over the geographical extents of 77.5-80.25°E and 8-16°N, respectively.
Figure 2.3(e) also showed a distinct rainfall gradient in the east-west direction. NEIMR
was confined to the longitudes of 78.5 to 80.25°E, with intensified rainfall conditions (>
12 mm/day) along the coast (79.5-80.25°E, see Figure 2.3(e)). NEIMR was received over
all the latitudes (8-16°N) from mid-October to end of November (57th to 66th pentad), and
rainfall was confined to the southern latitudes (8-12°N) during December (from 66th to
70th pentad, see Figure 2.3(f)). The longitudinal (Figure 2.3(g)) and latitudinal (Figure
2.3(h)) cross-sections of 850 hPa winds during the months of January to December
indicated that northwesterlies changed to northeasterlies from the 57th pentad (8 - 12
October) onwards. The advance of the northeast Indian monsoon from north to south was
indicated by the northeasterly onset marked over 15°N during the 57th pentad (8-12
October), 12.5°N during the 58th pentad (13-17 October), and 10°N during the 59th pentad
(18-22 October) (Figure 2.3(h)). Although the northeasterlies prevail during January and
February, these winds only bring the dry, cold winter air from the northeast that does not
produce any significant rainfall.
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Figure 2.3 Rainfall (mm/day) variation by pentad from Jan. to Dec., over the study
domain (77.5-80.25°E and 8-16°N), (b) Same as (a), but for Sept. to Dec., (c)
Longitudinal cross-section (77-81°E) of wind vectors (m/s) area-averaged over 8-16°N
during Jan. to Dec., (d) Latitudinal cross-section (8-16°N) of wind vectors area-averaged
over 77-81°E during Jan. to Dec., (e) Longitudinal cross-section (77-80.25°E) of pentad
rainfall area-averaged over 8-16°N during Jan. to Dec., (f) Latitudinal cross-section (816°N) of pentad rainfall area-averaged over 77.5-80.25°E during Jan. to Dec, (g) Same
as (e), but for Sept. to Dec., and (h) Same as (f), but for Sept. to Dec.
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2.3.2 Intra-seasonal states of NEIMR
HMM evaluation. The BIC scores for the fitted 1-18 rainfall states in the HMMs
of intra-seasonal NEIMR indicates that the 6-state model had the lowest BIC score and
over fitting occurred from the 7-state model onwards (Figure 2.4). Therefore, the 6-state
model was considered statistically meaningful. The synoptic associations of the six
different rainfall states in the 6-state model were investigated by using the patterns of
mean sea level pressure and 850 hPa winds. The differences of synoptic associations
between the rainfall states in the 3-, 4-, 5-, and 6-state models were also evaluated. The
diagnostics, based on the synoptic associations, indicate that the 3-state model was
optimal in terms of capturing meaningful sea level pressure and wind patterns at 850 hPa.
The higher-numbered rainfall state models did not add value to the identified rainfall
states in the 3-state model. For instance, the spatio-temporal characteristics of the rainfall
states already presented in the 3-state model were either repeated or split into smaller
regions in the higher-numbered state models (Figure 2.5). The higher-numbered rainfall
states also did not show any clear synoptic associations beyond that shown by the 3rainfall state model. In addition, following the law of parsimony a model with lower
dimension for greater reliability was chosen (Pal et al. 2015). Based on the synoptic
reasoning and statistical criterion, the 3-state model was considered in this study to
characterize the spatio-temporal variability of rainfall during the NEIMR season.
HMM rainfall states. The characteristics of rainfall for the three different rainfall
states in the 3-state model were shown in Figures 4(b) to 4(d) and the corresponding
probability of occurrence are shown in Figures 4(e) to 4(g). The State-1 was the wettest
state, with intense rainfall over the coastal region (higher than 15 mm/day). The interior
landmass of southeastern India received less rainfall (higher than 6-15 mm/day),
compared to the coast. During the State-2 conditions, the rainfall was up to 6-12 mm/day
along the south and southeastern coastal strip of the Tamil Nadu. The State-3 condition
was the driest state with scanty rainfall (lesser than 6 mm/day) over the coastal Tamil
Nadu. The probabilities of occurrence of State-1 and State-2 over the study region during
the NEIMR season were higher than 80%, whereas the probability of State-3 for the same
region was lower than 70%. The rainfall amount anomalies of the three states from the
climatology are shown in Figure 2.6 (h), (i), (j). The rainfall anomalies are much higher
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for State-1 (between 3-12 mm over the southeastern India, Figure 2.6(h)) than the other
two rainfall states which exhibited negative rainfall departures (Figure 2.6(i), (j)) from
the climatology.

Figure 2.4 Bayesian Information Criterion (BIC) scores for 1-18 NEIMR state models
classified by the Hidden Markov Model (HMM). Horizontal dotted line indicates the
lowest BIC score and vertical line indicates its corresponding state model.

Figure 2.5 Mean pentad NEIMR (mm/day) for the six rainfall states.
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Figure 2.6 (a) Grid locations considered for the HMM modelling, (b) mean pentad
NEIMR (mm/day) and (e) occurrence probabilities from the 3-state model, for the State1, (c and f) and (d and g) are as (b and e), but for the State-2 and State-3, respectively.
Anomalies of rainfall amounts during (h) State-1, (i) State-2, and (j) State-3 from the
seasonal mean climatology.
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Figure 2.7 shows the spatial patterns of the seasonal rainfall and anomalies from
the seasonal climatology for the highest four years (top 10% in 33 years) of each state (a) State-1: 1987, 1997, 2005 and 2010, (b) State-2: 1982, 1989, 2001 and 2014, and (c)
State-3: 1988, 1992, 1995 and 2002. Overall, the study region received favorable
seasonal rainfall (> 6 mm/day over 78.5-80.25°E and 8-15.5°N, and > 10 mm/day over
the coastal Tamil Nadu region) during the highest years of State-1 (Figure 2.7(a)). The
seasonal rainfall was confined to 79.5-80°E and 10-12°N (> 6 mm/day) during the
highest years of State-2 (Figure 2.7(b)). The study region received no rainfall, except for
scanty rainfall (< 6 mm/day) over the coastal stretch, during the highest years of State-3
(Figure 2.7(c)). The anomalies from the seasonal climatology indicate that State-2
resembled with the seasonal climatology (Figure 2.7(e)), the State-3 had negative
departure of < -3 mm/day (Figure 2.7(f)), and State-1 had positive departure of > 3
mm/day over the southeastern India (Figure 2.7(d)).
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Figure 2.7 Seasonal OND rainfall (mm/day) for the years with enhanced frequencies of
(a) State-1 (1987, 1997, 2005 and 2010), (b) State-2 (1982, 1989, 2001, ad 2014), and (c)
State-3 (1988, 1992, 1995, and 2002). (d, e, f) are same as (a, b, c) but show the
anomalies from the seasonal mean climatology.
The transition probability of the rainfall states is presented in Table 2.1. The
probability of transition from the State-1 (wet) to the State-2 (coastal wet) (34%) was
higher than the State-1 (wet) to the State-3 (dry) (12%). The transition from the State-2
(coastal wet) was more likely to the dry rainfall state (State-3) (37%), compared to the
wet state (State-1) (27%). The probable chances for transition from the State-3 (dry) to
the State-2 (coastal wet) (27%) was higher than the transition to State-1 (wet) (11%). The
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transition probability between the rainfall states indicates that the State-2 (coastal wet)
acted as a transition between the State-1 (wet) and the State-3 (dry). The probabilities of
persistence in the consecutive pentad for the State-3 and the State-1 were 61% and 53%,
respectively.
Table 2.1 Probability of transitions between the rainfall states from the 3-state HMM.
State-1
State-1
State-2
State-3

State-2
0.53
0.27
0.11

State-3
0.34
0.36
0.27

0.12
0.37
0.61

The year-to-year variations in occurrences of the three rainfall states during the NEIMR
season (56th to 73rd pentad) from 1982-2014 are shown in Figure 2.8. The patterns of
occurrence of rainfall states indicates that State-1 occurred dominantly from the 56th
pentad (03-08 Oct.) to the 64th pentad (11-16 Nov.). The occurrence of State-3 was more
often from the 66th pentad (22-27 Nov.) until the end of the NEIMR season. State-2
occurred randomly in between the State-1 and the State-3 throughout the monsoon
season, while the State-1 and the State-3 occurred during consecutive time-steps.
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Figure 2.8 Year-to-year variations in occurrences of the three rainfall states based on the
Viterbi algorithm during 1982–2014. X-axis is pentad number from 56 (03-08 Oct.) to 73
(27-31 Dec.) and Y-axis is years from 1982 to 2014.
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The inter-annual variations of the frequencies of rainfall states are shown in
Figure 2.9(a). State-1 frequencies increased, and State-3 decreased during the strong
NEIMR years (top 5 years out of 33 years - 1987, 1993, 1997, 2005 and 2010) (Figure
2.9(b)). In general, the frequencies of State-3 and State-1 were opposed to each other
during the extreme (flood and drought) years. The associations between the time series of
the frequency of three rainfall states and seasonal NEIMR were evaluated by the Pearson
correlation coefficient. The correlation (positive) was stronger between the State-1
frequency and seasonal NEIMR (r = 0.64, p-value < 0.01). Similarly, the correlation
(negative) between the State-3 frequency and seasonal NEIMR was also stronger (r = 0.63, p-value < 0.01). The relationship between the State-2 and seasonal NEIMR was
weaker and insignificant (r = -0.07).

Figure 2.9 Inter-annual variations of (a) frequency of rainfall states (numbers), and (b)
seasonal mean rainfall during OND (mm/day). Vertical dotted lines indicate the highest
5 years of NEIMR during 1982-2014.
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2.3.3 Atmospheric circulation and surface temperature conditions for the rainfall
states

The seasonal climatology of the synoptic parameters (surface air temperature, mean sea
level pressure, winds, vorticity, and moisture convergence) during the NEIMR season are
presented in Figures 2.10(a) to (d). During the NEIMR season, the surface air
temperatures were higher than 27°C over the Bay of Bengal and the Arabian Sea (Figure
2.10(a)). The large warm oceanic region in the Bay of Bengal adjacent to the east coast of
the southern peninsular of India could be one of the necessary conditions for tropical
cyclones to develop (Evans 1993, Yadav 2013). There was a strong temperature contrast
over the northern Indian sub-continent with the neighboring oceans of the southern
peninsular being the warmest with surface mean temperatures of up to 8°C warmer than
in the north. The sea level pressure was characterized by relatively lower pressure (<
1011 hPa) over the Arabian Sea, the Bay of Bengal and the southern peninsular regions
below 15°N, compared to the continental regions above 15°N (Figure 2.10(b)). The
northeasterly surface winds over the peninsular and the associated cyclonic circulation
over the southern Bay of Bengal and North Indian Ocean regions can be discerned
(Figure 2.10(b)). The vorticity (positive) and winds at 850 hPa indicate strong cyclonic
circulation over the Bay of Bengal and the Indian Ocean, while central India was
dominated by anticyclonic circulation and negative vorticity (Figure 2.10(c)). The
moisture convergence at the lower troposphere showed positive moisture convergence
over 77-100°E and 0-8°N in the Indian Ocean region and a mildly negative patch over the
southeastern peninsular India (Figure 2.10(d)). The seasonal climatology of moisture
convergence did not show increased moisture convergence over the southeastern
peninsular of India, because the number of wet states (188 pentads during 1982-2014)
were less, compared to the coastal and dry states (406 pentads during 1982-2014).
Overall, the atmospheric circulation and surface temperature conditions evident over the
Bay of Bengal and Indian Ocean during the NEIMR season comprised warmer surface air
temperature, lower mean sea level pressure, lower-level cyclonic circulations, and
enhanced moisture convergence at 850 hPa. The atmospheric circulation and surface
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temperature conditions over the surrounding oceans might be favorable for NEIMR by
providing the moisture sources to the southeastern peninsular.

Figure 2.10 Seasonal climatology during OND for (a) surface air temperature (°C), (b)
mean sea level pressure (hPa) and surface winds (vectors, m/s), (c) vorticity (10-5 s-1)
and winds (m/s) at 850 hPa, and (d) moisture convergence at 850 hPa (gkg-1s-1)

The atmospheric circulation and temperature associated with each rainfall state and its
deviation (anomaly) from the seasonal climatology of NEIMR are shown in Figures 9 to
12. The surface air temperature exhibited a large warm area (> 28°C) in the Arabian Sea,
the Bay of Bengal and the Indian Ocean during the rainfall State-1 (Figure 2.11(a)). The
temperature deviation from the seasonal climatology indicates a warm temperature
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anomaly gradient (up to 2°C) from north to south (Figure 2.11(d)). The State-2 also
showed similar warm areas over the Arabian Sea and the Bay of Bengal, but with much
smaller temperature anomalies (< 0.5°C) (Figure 2.11(e)). The temperature anomaly
during State-3 was opposite to that of State-1, which showed the anomalous negative
temperature gradient from north to south (Figure 2.11(f)). The significant anomalies of
temperature during the State-1 and State-3 were observed in the entire study domain,
except for the tropical Indian Ocean region (below Equator) at the 95% level. The surface
air temperature anomalies for State-2 were insignificant and reflected the similar
condition of seasonal climatology.
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Figure 2.11 Surface air temperature (°C)- Mean climatology of (a) State-1, (b) State-2,
(c) State-3, and the anomaly from the NEIMR seasonal climatology of (d) State-1, (e)
State-2, and (f) State-3. The green lines in (d), (e), and (f) indicate the region significant
at 95% level.
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The mean sea level pressure over the neighboring ocean regions of the southern
peninsular region was less than that for the surrounding regions (< 1010.5 hPa) during the
periods of State-1 (Figure 2.12(a)). Over the low-pressure regions, the surface winds
showed a cyclonic circulation pattern. For the State-2, mean sea level pressure was
between 1010.5-1011 hPa over the region of 70-100°E and 0-12°N, showing a cyclonic
circulation over the lower pressure regions (Figure 2.12(b)). The mean sea level pressure
over the oceanic regions closer to the Indian peninsular during the State-3 was around
1011-1012 hPa, which was higher pressure, compared to that of State-1 and the State-2
(Figure 2.12(c)). The related cyclonic circulation patterns were less distinct during State3. The deviation of mean sea level pressure during State-1 from the seasonal climatology
indicates that the pressure was lower (up to 1.2 hPa) over the Indian subcontinent and the
surrounding oceans. The anomalous strong southwesterly winds are observed over the
Indian Ocean and the Bay of Bengal during the State-1 (Figure 2.12(d)). The deviation of
mean sea level pressure during State-2 was statistically insignificant, with little change in
the wind pattern (Figure 2.12(e)). During State-3, the mean sea level pressure was greater
(up to 1.2 hPa), compared to seasonal climatology. The anomalous winds over the Bay of
Bengal and the Indian Ocean were northeasterlies during State-3 (Figure 2.12(f)). The
deviations of winds during State-1 and State-3 conditions from the seasonal climatology
indicate that they were opposite to each other in terms of pressure patterns (lower
pressure anomalies during State-1 and higher anomalies during State-3) and wind
patterns (strong southwesterlies during State-1 and strong northeasterlies during State-3)
in the southern peninsular of India and neighboring oceans. The potential reasons for the
wind patterns during State-1 and State-3 are discussed in a following section. The
significant anomalies of mean sea level pressure during State-1 and State-3 were mostly
confined to the Indian landmass and the adjoining Arabian Sea and Bay of Bengal areas.
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Figure 2.12 Mean sea level pressure (hPa) and surface winds (m/s) - Mean climatology
of (a) State-1, (b) State-2, (c) State-3, and the anomaly from the NEIMR seasonal
climatology of (d) State-1, (e) State-2, and (f) State-3. The green lines in (d), (e), and (f)
indicate the region significant at 95% level.
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The mean vorticity and winds at 850 hPa for the three different rainfall states and
how these conditions deviated from the seasonal climatology are shown in Figure 2.13.
During the State-1, a strong cyclonic circulation was observed across the Arabian Sea,
the Bay of Bengal, and the Indian Ocean regions, which was consistent with the positive
vorticity values (> 0.8 x 10-5 s-1) over the ocean regions (Figure 2.13(a)). In central India,
a negative vorticity and associated anticyclonic circulations were seen above 18°N. The
cyclonic and anticyclonic circulation regions observed in State-1 shifted to southern
latitudes during State-2 (Figure 2.13(b)), and the positive vorticity pattern shifted away
from the southern peninsular of India during State-3 (Figure 2.13(c)). The deviations of
the mean conditions during the three different rainfall states from the seasonal
climatology indicate that, over the southern peninsular of India, anomalous positive
vorticity values (enhanced cyclonic activities) were observed during State-1 (Figure
2.13(d)) and negative vorticity anomalies (reduced cyclonic or enhanced anticyclonic
activities) were seen during State-3 (Figure 2.13(f)). The vorticity anomalies during the
State-1 and the State-3 conditions were significantly different from their seasonal
climatology over the central and southern peninsular of India and the surrounding oceans
at the 95% significance level.
The moisture convergence at the lower tropospheric level (850 hPa) during the
three rainfall states and its deviation from the seasonal climatology are shown in Figure
2.14. During the State-1, the moisture convergence was enhanced (> 0.10 gkg-1s-1, Figure
2.14(a)) over the Bay of Bengal and the Indian Ocean region (80-100°E and 0-13°N).
The moisture convergence zones were slightly weakened and shifted far from the
southern peninsular during State-2 and State-3 conditions. Based on the deviations from
the seasonal climatology, the moisture convergence values are significantly enhanced
during State-1 (Figure 2.14(d)) and were significantly decreased during State-3 (Figure
2.14(f)) over the southern peninsular of India and the Bay of Bengal.
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Figure 2.13 Vorticity (10-5 s-1; shaded) and winds (m/s) at 850 hPa - Mean climatology
of (a) State-1, (b) State-2, (c) State-3, and the anomaly from the NEIMR seasonal
climatology of (d) State-1, (e) State-2, and (f) State-3. The green lines in (d), (e), and (f)
indicate the region significant at 95% level
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Figure 2.14 Moisture convergence (gkg-1s-1) at 850 hPa level - Mean climatology of (a)
State-1, (b) State-2, (c) State-3, and the anomaly from the NEIMR seasonal climatology
of (d) State-1, (e) State-2, and (f) State-3. The green lines in (d), (e), and (f) indicate the
region significant at 95% level.
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2.4

Discussion
During State-1 conditions, the rainfall intensity was higher (> 9 mm/day) and the

rainfall-received region (79-80.25°E and 10-15.5°N) was comparatively larger than that
for State-2. As State-1 rainfall was distributed throughout the southeastern peninsular of
India, the water harvesting structures would have plenty of rainwater during State-1.
State-2 conditions reflected rainfall confined to the thin coastal stretch of Tamil Nadu,
which would not have helped the water harvesting structures distributed over the
southeastern peninsular of India. The State-3, dry condition, was observed throughout the
southeastern peninsular, and this rainfall condition would have caused significant
negative impacts due to drought-like conditions. The seasonal NEIMR total was heavily
influenced by the frequency of both State-1 and State-3. Considering the characteristics
of the rainfall states, State-1 was observed to be critical for water requirements over the
southeastern peninsular of India. In the past, poor water resources management had
negative consequences on drinking water availability, agriculture (irrigation) operations,
industrial outputs, and the socio-economy of the region (Prasanna 2014, UNDP 2013).
Thus, planning agencies should pay greater attention to the behaviour of both State-1 and
State-3 to manage the consequences of NEIMR conditions.
A distinct pattern of anomalous surface air temperature gradient was observed
during wet (State-1) and dry conditions (State-3). During State-1, the temperature
deviation over the land regions above 20°N was warmer by > 1.5°C from the seasonal
normal (see Figure 2.11(d)). The surface air temperature deviation over the ocean below
20°N was less than 0.5°C. The increased temperature anomaly over the land regions
could have caused the lower pressure over the Indian land mass and its surrounding
oceans (see Figure 2.12(d)). The combination of temperature and pressure patterns could
drive the anomalous southwesterly winds from the Indian Ocean to the southeastern
peninsular India during State-1 (see Figure 2.12(d)-winds). The anomalous winds were
distinctly in the lower-right rim of lower pressure anomalies. As the ocean was already
warm, these southwesterly anomalous wind patterns from the Indian Ocean could have
carried a lot of moisture to the southeastern peninsular of India. The roles of land and
ocean in NEIMR were consistent with the physical mechanisms proposed on the land-sea
temperature contrast in regulating the monsoonal wind patterns over the South-West
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Indian monsoon (Webster 1987, Lee et al. 2009), East Asian monsoon (Lee et al., 2011),
and West African monsoon (He and Lee, 2016). In contrast, the cooler anomaly in
surface air temperature over the land areas above 20°N (dry State-3) could induce higher
pressure over the land mass and its adjacent ocean areas. The cooler temperature anomaly
and increased mean sea level pressure conditions could cause the anomalous
northeasterly winds over the southeastern peninsular of India and adjoining oceanic areas.
These anomalous winds from the cooler and drier land areas could drive the drier
conditions over the southeastern peninsular of India (Kumar et al. 1999). The latitudinal
oscillations of temperature-pressure-winds between land and ocean could modulate the
NEIMR (Clemens et al. 1991).
The upper-level jet streams were found to be one of the major drivers for the intraseasonal variability of Asian monsoon (Koteswaram 1958, Ramaswamy 1962, Joseph
and Sijikumar 2004). The magnitude and direction of 200 hPa winds during the NEIMR
season indicates that the State-3 featured stronger westerly jet stream in the upper
atmosphere over the peninsular of India, characterizing a winter regime with strong
upper-level westerlies (Figure 2.15(c)). State-1 exhibited the opposite pattern to State-3,
which reflected a weaker westerly jet stream due to an easterly anomaly (Figure 2.15 (b)).
The changes in the upper-level westerly jet streams could be associated with the northsouth temperature gradient (see Figures 2.15(d) and (f)) and it might induce changes in
rainfall conditions during the NEIMR season. For example, the study of Krishnamurthy
et al. (2002) reported that the intense wet rainfall episodes during the 2001 NEIMR
season were associated with a blocking situation between 60°E and 80°E in 200 hPa
westerly jet streams. It is also important to note that State-1 could represent a warmer
climate regime under the influence of the retreating monsoon trough or the Inter-Tropical
Convergence Zone (ITCZ) that had a major contribution to NEIMR (Gadgil 2003,
Rajeevan et al. 2012). The State-3 occurred more towards the second half of the season
and could represent a winter regime with cooler temperatures, stronger surface
northeasterly winds, and drier atmospheric conditions dominated by high-pressure areas
over the southern peninsular India (Balachandran et al. 2006).
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Figure 2.15 Wind velocity (shaded; m/s) and direction (vector; m/s) at the 200 hPa level
– (a) Seasonal climatology, and anomaly from the seasonal climatology of (b) State-1, (c)
State-3. The green lines in (b) and (c) indicate the region significant at 95% level.
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During the wet conditions (State-1), the southwesterly surface winds and lowerlevel cyclonic anomalies, consistent with positive vorticity anomalies, over the NEIMR
region could bring moisture from the enhanced convergence regions over the Bay of
Bengal and northern Indian Ocean. The positive vorticity during these wet conditions
shifted northward from the seasonal climatology and the center of positive anomaly
located over the southeastern peninsular India (see Figure 2.13(a) and (d)). The
northward movement of cyclonic circulation during State-1 was consistent with the
northward propagation of rainfall episodes during the NEIMR period (Rajeevan et al.
2012). These physical processes could result in the wet NEIMR condition observed over
the southeastern peninsular of India. During dry conditions (State-3), the anomalies in
surface winds were mostly northeasterly, flowing from land to the ocean. The lower level
wind anomalies were mostly anticyclonic, which was confirmed by the negative vorticity
values over the southern peninsular of India. These anticyclonic wind anomalies could
drive the moisture away from the southern peninsular India to the oceanic regions. Also,
the moisture convergence was suppressed over the Bay of Bengal and northern Indian
Ocean (See Figure 2.14(f)). The explained physical processes could lie behind the drier
NEIMR conditions over the Indian southeastern peninsular.

2.5

Summary
In this study, three distinct rainfall states during the NEIMR season were identified

over the southeastern peninsular of India for the period 1982-2014. The State-1 and State3 conditions were the wet and dry conditions of NEIMR, respectively, over the entire
southeastern peninsular. State-1 and State-3 were critical for the water requirements
during the NEIMR season, as the seasonal rainfall quantity and distribution were
predominantly determined by these two rainfall states. The increased frequency of State-1
significantly increased total seasonal NEIMR and the increased frequency of State-3
decreased NEIMR. State-2 led to the increased rain conditions confined to the thin
coastal stretch of Tamil Nadu.
The atmospheric circulation and surface temperature variables observed during
State-1 (wet) and State-3 (dry) conditions exhibited significantly opposite patterns. The
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atmospheric circulation and temperature conditions during State-2 did not show any
significant patterns, nor deviated much from the seasonal climatology. From the observed
atmospheric and surface conditions, a potential physical mechanism is proposed as
contributing to the wet and drier conditions over southeastern India. The anomalous
warmer (cooler) land temperature above 20°N could induce lower (higher) sea level
pressure anomalies and thereby driving anomalous southwesterly (northeasterly) surface
winds over the NEIMR region. These anomalous surface winds and the associated lowerlevel cyclonic (anticyclonic) circulations could enhance (suppress) moisture transport
from the convergence regions over the Bay of Bengal and northern Indian Ocean into the
southern peninsular of India. The proposed physical processes could result in the wet
(dry) NEIMR condition over the southeastern peninsular India.
The rainfall states identified in this study might be useful for understanding the
extreme NEIMR conditions (wet and dry rainfall states) over the southeastern peninsular
of India. The identified atmospheric and surface conditions associated with the distinct
rainfall states could be useful for understanding the physical drivers behind the intraseasonal characteristics of NEIMR. However, the physical mechanisms driving the
atmospheric circulation and temperature conditions with respect to oceanic heat and
moisture fluxes and atmospheric moisture transport processes were not investigated in
this study, but will be carried out in future research. The knowledge derived from this
study could lead the forecasting community to improve the northeast Indian monsoon
forecasting at shorter time scales, by fine-tuning the driving synoptic variables. Further
efforts on finding the relationships between rainfall states and the drivers at lagged time
scales could improve the lead-time forecast of NEIMR.
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3 Ocean and atmospheric conditions associated with NEIMR
3.1

Background
NEIMR of the southeastern peninsular India during October to December is

highly variable at inter-annual as well as intra-seasonal time scales (Rajeevan et al. 2009,
Charlotte et al. 2013). Past studies highlighted the roles of surrounding oceans on
modulating the inter-annual variations of NEIMR over the southeastern peninsular of
India, which are significantly associated with the sea surface temperature (SST) over the
Bay of Bengal region (e.g., Singh 1995, Kripalani and Kumar 2004, George et al. 2011,
Charlotte et al. 2013) and the Indian Ocean region (e.g., Yadav 2013). For example,
warmer SSTs in the western Bay of Bengal are associated with normal or above normal
seasonal NEIMR over the southern peninsular, and the reversal of the above-mentioned
conditions reduced the seasonal NEIMR (Singh 1995, George et al. 2011, Raj 2012).
Previous studies on NEIMR were heavily focused on the role of the Bay of Bengal
forcing the inter-annual variation of NEIMR, while the intra-seasonal rainfall conditions,
considering both of the Indian Ocean as well as the Bay of Bengal, have been seldom
studied.
The ocean and atmosphere interactions observed in the low-latitude regions could
be related to either oceanic forcing of the atmosphere or the atmospheric forcing of the
ocean (Wu et al. 2005). The positive anomalies of latent heat flux (LHF) followed by the
positive anomalies of SSTs during the active Southwest Indian monsoon season of June
through September over the Indian Ocean could be an example of the ocean forcing of
the atmosphere (Wu and Kirtman 2006). On the other hand, the positive SST anomalies
negatively correlated with LHF anomalies would be the dominant role of atmospheric
forcing on the ocean (Wu et al. 2005). The rate of evaporation over the ocean is highly
dependent on the atmospheric moisture demand and also the lower-level winds (Wu and
Kirtman et al. 2007, Novick et al. 2016). The atmospheric demand can control
evaporation from the ocean surface where the increased demand of atmospheric moisture
enhances the evaporation and the lower moisture demand suppresses the evaporation
(Novick et al. 2016). The winds over the ocean surface could also play a role in altering
the association between SST and LHF during the active monsoon period (Zhou et al.
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2015). The positive feedback between winds and evaporation was observed in the eastern
equatorial Indian Ocean (Wang et al. 2003, Wu and Kirtman 2007). The oceanic and
atmospheric conditions over the surrounding oceans of the southern peninsular of India
with respect to the intra-seasonal NEIMR have been relatively less studied, although
investigating these aspects would help identify the ocean-atmospheric processes driving
the moisture sources of NEIMR.
The atmospheric moisture transport processes are important for convective
activities over the landmasses in the monsoon regions (Mo et al. 2005, Lele et al. 2015).
The vertically integrated atmospheric moisture flux convergence and moisture transport
vectors were investigated to examine the moisture transport mechanisms associated with
the heavier rainfall episodes over the Southwest Indian (Li et al., 2015), Southwest
United States (Wei et al. 2015) and West African (Lele et al. 2015) monsoon regions.
Similarly, Li et al. (2007) and Fujinami et al. (2014) used atmospheric moisture
convergence to investigate the relationship between atmospheric moisture transport and
rainfall over Northeast China and Southeast Asia, respectively. The storms and
depressions over the Bay of Bengal can induce heavy rains that substantially contribute to
the seasonal total NEIMR (Srinivasan and Ramamurthy 1974, Raj 2012). On average,
two to three cyclonic storms made landfall annually over the eastern coast of peninsular
India during the NEIMR season between 1960 to 2010 (Raj 2012). During El Nino years,
the greater number of cyclones that developed in the North Indian Ocean progressed over
the Bay of Bengal to make landfall over the southeastern peninsular of India (Kumar
2007, Yadav 2013). The easterly wave over the southern peninsular and the Bay of
Bengal might also contribute favorable conditions for NEIMR (Raj 2012, Prakash and
Goirala 2013). Some studies indicate that the cyclonic activities and the easterly waves
from the Bay of Bengal and the Indian Ocean could be the potential “moisture transport
medium” for the inter-annual NEIMR variations (Prasanna and Yasunari 2008, Raj 2012,
Lekshmy et al. 2015). It is necessary to explore the atmospheric processes in transporting
moisture from the neighboring oceans to the land, associated with the intra-seasonal
variations of NEIMR, over the monsoon dominated region (Prasanna and Yasunari 2008.
To overcome the research gap, this study investigated oceanic and atmospheric
conditions over the Bay of Bengal and the Indian Ocean regions, associated with wet
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NEIMR conditions over the southeastern peninsular of India, and identified the potential
moisture transport processes.
3.2

Data and Methods
The daily time series of rainfall data were calculated by taking an average over

the southeastern peninsular India of 77.5–80.25° E and 8–16° N (Figure 3.3) from the
India Meteorological Department’s gridded rainfall data with a spatial resolution of 0.25°
by 0.25° (Rajeevan et al. 2006). The daily time series were converted into pentad time
series, 73 pentads/year and 2,190 pentads for the thirty-year period of 1985-2014. The
oceanic and atmospheric variables were obtained from two different reanalysis data sets
at daily time scale for the study period: Woods Hole Oceanographic Institution (WHOI)
OAFlux project data of 1° by 1° resolution (Yu et al. 2008) and National Center for
Environment Protection (NCEP) Reanalysis-1 data of 2.5° by 2.5° resolution (Kanamitsu
et al. 2002). The SST and LHF variables from WHOI OA Flux data were also utilized.
The specific humidity, and zonal (u-wind) and meridional (v-wind) winds from surface to
300 hPa levels were used from the NCEP Reanalysis-1. The gridded WHOI OA Flux and
NCEP Reanalysis-1 data sets at daily time steps were converted to pentad time steps for
the period 1985-2014. The vorticity was calculated using u- and v-winds at each
atmospheric pressure level from 1000 to 300 hPa (Sikka and Gadgil 1978).

As the NEIMR time series data exhibited non-uniform distributions (p value of
Kolmogorov-Smirnov test was less than 0.01, which rejected the null hypothesis that the
NEIMR variables are normally distributed), the non-parametric Spearman correlation
analysis was used (Von and Zweirs 2001, Wilks 2011) to identify the relationships of
NEIMR over the southeastern peninsular with SST and LHF over the surrounding
oceans. The pentad rainfall time series consisted of 18 pentads for every year, averaged
for every 5 days during 3rd October to 31st December, making a total of 540 pentads for
the 30 years 1985-2014. The time series of oceanic and atmospheric variables consisted
of 22 pentads for every year, averaged for every five days from 13th September to 31st
December, including lags up to four pentads, and thus 660 pentads for 30 years. Lags up
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to four lags were considered as further lags exhibited weaker correlations between
oceanic and atmospheric variables with NEIMR (not shown here). The correlation
analysis between the time series of the NEIMR averaged over the southeastern peninsular
India with the gridded SST and LHF (one variable at a time) was performed for the same
time step. To examine the lagged associations, the correlation analysis was repeated for
time step t of NEIMR and the lagged time step t-1, t-2, t-3, and t-4 of SST and LHF. The
pentad time series of SST and LHF averaged over the identified oceanic regions where
the heat and moisture variables significantly correlated with NEIMR were examined and
the simultaneous and lagged correlations between the two time series of NEIMR (time
step t) and SST or LHF (time step t, t-1, t-2, t-3, and t-4) were generated.
To confirm the associations shown in the results of correlation analysis, a
composite analysis was used by calculating the deviations in the SST and LHF during the
wet NEIMR pentads, which were defined with rainfall amount that exceeds 90th
percentile, from the average of all the pentads during the months of October to December
(i.e., seasonal climatology) for the period 1985-2014 (Von and Zweirs 2001). The
composite differences were calculated for the oceanic and atmospheric variables between
the wet NEIMR pentads and the seasonal climatology at the same time (t) and lagged
time steps (t-1, t-2, t-3, and t-4). A student’s t-test was performed on the results of the
composite analyses to identify the significantly different regions at the 95% level.
Over the significant oceanic regions for NEIMR, identified from the correlation
and composite analysis, the atmospheric moisture demand and winds were examined to
explore their roles in controlling evaporation over the ocean during the same and lagged
time steps of wet NEIMR pentads. The zonal and meridional moisture fluxes were
calculated by multiplying the specific humidity by u- and v-winds at each pressure level
from surface to 300 hPa (Banacos and Schultz 2005). The moisture convergence and
moisture transport vectors at each atmospheric level from surface to 300 hPa during the
same or lagged time steps of wet NEIMR pentads were investigated to identify the level
that has strong convergence and divergence and also the moisture transporting wind
patterns. Based on the composite differences of moisture convergence and moisture
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transport vectors, appropriate atmospheric pressure levels were identified for calculating
the vertically integrated moisture flux (VIMF). The VIMF was derived from surface to
the identified atmospheric pressure level for each grid location over the significant
oceanic regions for NEIMR (Lele et al. 2015, Wei et al. 2015). The zonal and meridional
fluxes of water vapor were calculated by vertical integration, using the following
equations (1) and (2) (Lele et al. 2015):

𝑄! = !

!

!!
𝑞𝑢   𝑑𝑝  ------------!!

(1)

!

!!
𝑞𝑣   𝑑𝑝  ------------!!

(2)

𝑄Ø = !

Where u is zonal wind, v is meridional wind, q is specific humidity, Ps is surface
air pressure, Qλ is the zonal component and QØ is the meridional component of the
vertically integrated total mean moisture flux (i.e., VIMF). The variable g is the
gravitational acceleration. The value of g is 9.81 ms-2, so the units for Qλ and QØ are kg
m-1s-1.I plotted moisture transport vector using the zonal and meridional components of
Qλ and QØ for visual investigation. The composite analysis of vorticity, VIMF
convergence, and VIMF transport vectors were used to explain the moisture transport
processes, associated with wet NEIMR conditions.

42

3.3

Results

3.3.1 Oceanic conditions for NEIMR
The spatial patterns of the non-parametric correlation coefficient of the simultaneous and
lagged pentads of SSTs (averaged over the surrounding oceans) with the time series of
NEIMR (averaged over the southeastern peninsular India) are shown in Figure 3.1. The
significant positive correlations are seen in the SST over the Bay of Bengal during the
same and all the lag-1 to -4 pentads. The significant positive correlations were also
observed in the equatorial western Indian Ocean during the lag-2, -3, and -4 pentads
(Figure 3.1(c), (d), (e)). The LHF over the Bay of Bengal region was significantly and
negatively correlated with the NEIMR time series during the same and all the lag pentads
(Figure 3.2). Over the equatorial western Indian Ocean, the LHF was positively
correlated with NEIMR and the significant correlations were observed during the same
and lag-1 and -2 pentads (Figure 3.2(a), (b), (c)). The correlation values between the time
series of averaged NEIMR and the time series of SST and LHF, averaged over the
significantly correlated regions of the Bay of Bengal (80–95° E and 8–19° N) and the
equatorial western Indian Ocean (56–76° E and 3°S-5°N) regions (Figure 3.3), are shown
in Table-3.1. The SST correlations with NEIMR were statistically significant over the
Bay of Bengal region (+0.35 to +0.48, all p-values<0.01) and the equatorial western
Indian Ocean region (+0.15 to +0.26, all p-values<0.01) during the same and all the
lagged pentads. The negative correlations of NEIMR with LHF over the Bay of Bengal
region (-0.36 to -0.39, all p-values<0.01) were significant during all the time steps. The
positive correlations of LHF and NEIMR were statistically significant over the equatorial
western Indian Ocean during all the time steps (+0.13 to +0.35, all p-values<0.01), except
during the lag-4 pentad.
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Figure 3.1 The spearman correlation coefficients between NEIMR (t) and SSTs of the
simultaneous (t) and the lagged pentads at the (b) lag-1 (t-1), (c) lag-2 (t-2), (d) lag-3 (t3), and (e) lag-4 (t-4) pentads during the months of Oct-Dec for the period 1985 to 2014.
The thick black lines indicate the significant regions at the 95% confidence level.
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Figure 3.2 The spearman correlation coefficients between NEIMR (t) and latent heat flux
of the simultaneous (t) and the lagged pentads at the (b) lag-1 (t-1), (c) lag-2 (t-2), (d)
lag-3 (t-3), and (e) lag-4 (t-4) pentads during the months of Oct-Dec for the period 1985
to 2014. The thick black lines indicate the significant regions at the 95% confidence level.
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Figure 3.3 Geographical extent of the (a) southeastern peninsular India, (b) Bay of
Bengal, and (c) equatorial western Indian Ocean.
Table 3.1 Spearman correlation coefficient of NEIMR, averaged over the southeastern
India (77.5° to 80.25° E, 8° to16°N), with SST and LHF (simultaneous and lagged time
steps), averaged over the Bay of Bengal (80° to 95°E, 8° to 19°N) and equatorial western
Indian Ocean (56° to 76°E, 3°S to 5°N) regions during the months of Oct-Dec for the
period 1985 to 2014. All the correlation coefficient values are significant at the 99%
level (p value < 0.01), except the value of lag-4 LHF over the equatorial western Indian
Ocean (p value < 0.1).
SST

LHF

Bay of Bengal region
Same pentad
Lag-1
Lag-2
Lag-3
Lag-4

0.47
0.48
0.47
0.43
0.35

-0.37
-0.38
-0.36
-0.39
-0.39

Equatorial western Indian
Ocean region
Same pentad
Lag-1
Lag-2
Lag-3
Lag-4

0.15
0.21
0.25
0.26
0.21

0.35
0.30
0.20
0.13
0.08
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The deviation (anomaly) of SST and LHF during the wet NEIMR pentads from the
seasonal climatology are shown in Figures 3.4 and 3.5. The increased SST anomaly (>
0.3 °C) is seen over the Bay of Bengal during the same and lagged time steps (1 to 4) of
wet NEIMR pentads (Figure 3.4). Over the equatorial western Indian Ocean, the
increased SST anomaly (up to 0.3 °C) is prominent during the lag-3 and -4 pentads
(Figure 3.4(d), (e)) and moderate (0 to 0.2 °C) during the lag-2 pentad (Figure 3.4(c)).
The deviation in the LHF significantly decreased over the Bay of Bengal during the same
and all the lagged pentads (by lower than -20 Wm-2 during lag-2, -3 and -4 pentads)
(Figure 3.5(c), (d), (e)). Over the equatorial western Indian Ocean, the LHF anomaly was
significantly increased up to 20 Wm-2 and above during the same pentad, and it also
increased by 12 Wm-2 and above during the lag-1 and -2 pentads (Figure 3.5(a), (b), (c)).
The role of the Arabian Sea in affecting monsoon rainfall in the southeastern
peninsular India is considered as relatively less significant, compared to the Bay of
Bengal and the Indian Ocean, because the Western Ghats act as a physical barrier to the
moisture from the Arabian Sea entering into the southeastern peninsular of India (Gunnell
1997, see Figure 3.3). Considering the geographical locations of southeastern India, the
oceanic and atmospheric conditions over the Bay of Bengal and the equatorial western
Indian Ocean, which were significantly associated with NEIMR were examined.
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Figure 3.4 Composite differences of SSTs (°C) at (a) the simultaneous pentad and the
lagged pentads of (b) lag-1, (c) lag-2, (d) lag-3, and (e) lag-4 between the wet NEIMR
conditions (pentads exceeding 90th percentile) and the seasonal climatology during the
months of Oct-Dec for the period 1985-2014. The thick black lines indicate the
significant regions at the 95% level.
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Figure 3.5 Composite differences of latent heat flux (Wm-2) at (a) the simultaneous
pentad and the lagged pentads of (b) lag-1, (c) lag-2, (d) lag-3, and (e) lag-4 between the
wet NEIMR conditions (pentads exceeding 90th percentile) and the seasonal climatology
during the months of Oct-Dec for the period 1985-2014. The thick black lines indicate the
significant regions at the 95% level.
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3.3.2 Atmospheric conditions for NEIMR
The vertical cross-section of the specific humidity anomaly over the equatorial
western Indian Ocean, associated with the wet NEIMR pentads, showed significantly
decreased specific humidity in the lower atmosphere up to 850 hPa during the lag-2, -3
and -4 pentads (Figure 3.6(b)). In contrast, the specific humidity over the Bay of Bengal
was significantly increased in the entire troposphere during all the time steps (Figure
3.6(a)). The spatial patterns of specific humidity anomalies, averaged over the lower
levels at 1000, 900, and 850 hPa, indicate that the averaged specific humidity anomaly of
the wet NEIMR pentads from the seasonal climatology was significantly lower (< -3 x
104 kg/kg) over the equatorial western Indian Ocean during the lag-2, -3 and -4 pentads
(Figure 3.7(c), (d), (e)). On the other hand, the specific humidity anomaly over the Bay of
Bengal and southern India was significantly higher (> 3 x 104 kg/kg) during the same and
all the lagged pentads (Figure 3.7). The lower level wind anomaly, averaged over 1000,
900, and 850 hPa levels, of the wet NEIMR conditions was significantly stronger over the
equatorial western Indian Ocean during the same pentad (Figure 3.8(a)), which was the
period when the largest LHF increase was observed over the Indian Ocean (see Figure
3.5(a)). The averaged lower-level winds also showed increased anomaly during the lag-1
pentad over the equatorial western Indian Ocean (Figure 3.8(b)), but this was not as
strong as the same pentad. However, the magnitude of winds over the southern Bay of
Bengal showed a significantly decreased anomaly during the lag-1, -2, and -3 pentads.
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Figure 3.6 Vertical cross sections of composite differences of specific humidity (104
kg/kg) at the simultaneous and lagged pentads between the wet NEIMR conditions and
the seasonal climatology during the months of Oct-Dec for the period 1985 to 2014 over
the (a) Bay of Bengal (80° to 95°E, 8° to 19°N) and (b) equatorial western Indian Ocean
(56° to 76°E, 3°S to 5°N) regions. The thick lines in (b) indicate the significant regions at
the 95% level. The entire region in (a) is significant at the 95% level.
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Figure 3.7 Composite differences of specific humidity (104 kg/kg) averaged over 1000,
925, and 850 hPa. at (a) the simultaneous pentad and the lagged pentads of (b) lag-1, (c)
lag-2, (d) lag-3, and (e) lag-4 between the wet NEIMR conditions (pentads exceeding 90th
percentile) and the seasonal climatology during the months of Oct-Dec for the period
1985-2014. The thick black lines indicate the significant regions at the 95% level.
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Figure 3.8 Composite differences of wind magnitude (m/s; shaded) and direction (m/s;
vectors) averaged over 1000, 925, and 850 hPa, at (a) the simultaneous pentad and the
lagged pentads of (b) lag-1, (c) lag-2, (d) lag-3, and (e) lag-4 between the wet NEIMR
conditions (pentads exceeding 90th percentile) and the seasonal climatology during the
months of Oct-Dec for the period 1985-2014. The thick black lines indicate the
significant regions at the 95% level.
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3.3.3 Moisture transport processes
The anomaly of moisture flux convergence and moisture transport vectors at each
atmospheric level from 1000 to 300 hPa indicate that the moisture convergence and
moisture transport over the southeastern India and its adjacent Bay of Bengal regions
were dominant at the lower atmosphere up to 850 hPa (Figure 3.9). Therefore, the
anomaly of VIMF convergence, integrated from 1000 to 850 hPa, was examined for the
same and lagged time steps of wet NEIMR pentads from the seasonal climatology
(Figure 3.10(a), (b), (c)). Over the equatorial western Indian Ocean region, the westerly
wind anomalies, linked to the anomalous cross-equatorial moisture transport winds,
during the same, lag-1, and lag-2 pentads were carrying the moisture to the Bay of
Bengal. The results indicate that the abundant increase in VIMF convergence anomaly
(greater than 20x10-3 kg m-2 s-1) was seen over the domain that covers parts of the Bay of
Bengal and southern peninsular of India in the lower atmosphere during the same, lag-1,
and lag-2 pentads. The moisture transport vectors also exhibited an anomalous cyclonic
circulation in the above mentioned moisture converged regions during the same, lag-1,
and lag-2 time steps of wet NEIMR pentads. The anomalous positive vorticity and wind
vector, averaged over the lower level atmosphere, were consistent with the stronger
cyclonic circulations over the southeastern India and its adjacent Bay of Bengal regions
during the same and lag-1 pentads (Figure 3.10(d), (e)). Another anomalous cyclonic
circulation over the tropical southern Indian Ocean, shown as negative vorticity
anomalies, could support the moisture transport from the equatorial western Indian Ocean
to the Bay of Bengal.
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Figure 3.9 Composite differences of moisture convergence (10-4 kg m-1 s-1; shaded) and
moisture transport vectors (kg m-1s-1) for the same pentad at (a) 1000, (c) 850 and (e)
700 hPa, and for the lag-1 pentad at (b) 1000, (d) 850 and (f) 700 hPa, between the wet
NEIMR conditions and the seasonal climatology during the months of Oct-Dec for the
period 1985-2014. The thick black lines indicate the significant regions at the 95% level
for moisture convergence.
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Figure 3.10 Composite differences of Vertical Integrated Moisture flux (VIMF)
convergence (10-3 kg m-2 s-1; shaded) and moisture transport vectors (kg m-1s-1),
integrated from 1000 to 850 hPa, during (a) same, (b) lag-1, and (c) lag-2 pentads,
between the wet NEIMR conditions and the seasonal climatology during the months of
Oct-Dec for the period 1985-2014. (d), (e), and (f) are same as in (a), (b), and (c), but for
vorticity (10-5 s-1) and wind vectors (m/s) averaged over the three pressure levels of 1000,
925, and 850 hPa. The thick black lines indicate the significant regions at the 95% level
for (a, b, and c) VIMF and (d, e, and f) vorticity.
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3.4

Discussion
Over the equatorial western Indian Ocean, significantly increased SST anomalies

during the lag-2, -3 and -4 time steps were observed before wet NEIMR conditions over
the southeastern peninsular of India (see Figures 3.1 and 3.4). The anomalous warmer
SSTs lead to the enhanced LHF anomalies over the Indian Ocean during the same and
lag-1 and -2 pentads (see Figures 3.2 and 3.5). The increased LHF anomaly was possibly
related to the increased atmospheric moisture demand due to less specific humidity in the
lower atmosphere over the equatorial western Indian Ocean during the lag-2, -3 and -4
pentads (see Figures 3.6 and 3.7). In addition, the anomalous stronger winds during the
same and lag-1 pentads over the equatorial Indian Ocean could contribute to enhance
evaporation processes over the ocean (see Figure 3.8). The Bay of Bengal region showed
different oceanic and atmosphere interaction, compared to the equatorial western Indian
Ocean region. Anomalous increased SST and decreased LHF were observed over the Bay
of Bengal during the same and all the lagged pentads. The decreased LHF could be
related to the decreased atmospheric moisture demand, as the atmospheric moisture over
the Bay of Bengal was abundant with more specific humidity (see Figures 3.6 and 3.7).
The anomalous winds over the equatorial western Indian Ocean were mostly
westerlies during the same and lag-1 time steps of wet NEIMR pentads. These strong
westerly anomalous winds could transport the oceanic moisture to the Bay of Bengal (see
Figure 3.10). Stronger VIMF convergence was observed over the Bay of Bengal during
the same and lag-1 and -2 time steps. Anomalous cyclonic circulations were observed
over the Bay of Bengal and southeastern peninsular of India. The deviations of the winds
and moisture transport vectors were mostly easterlies in the Bay of Bengal and the
transported moisture can flow towards the southeastern peninsular. The above explained
ocean and atmospheric processes associated with the wet NEIMR conditions over the
southeastern peninsular India are illustrated in Figure 3.11.
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Figure 3.11 Schematic diagrams, (a) illustration and (b) flowchart, of the ocean and
atmosphere processes over the equatorial western Indian Ocean and the Bay of Bengal,
driving wet NEIMR conditions over the southeastern India.
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3.5

Summary
In this research question, distinct ocean and atmosphere conditions over the Bay

of Bengal and the Indian Ocean regions were identified that were associated with the wet
NEIMR pentads over the southeastern peninsular during October-December for the
period 1985-2014. Two significant oceanic regions of moisture sources for NEIMR were
identified in the Bay of Bengal (80–95° E and 8–19° N) and the equatorial western Indian
Ocean (56–76° E and 3°S-5°N) regions. The non-parametric correlation analysis revealed
that wet NEIMR conditions were significantly and positively correlated with SSTs over
both of the Bay of Bengal (all pentads) and the equatorial western Indian Ocean (lag-2, -3
and -4 pentads) regions. However, significant LHF associations with the NEIMR
conditions had positive correlations over the equatorial western Indian Ocean during the
same and lag-1 and lag-2 pentads and they had negative correlations over the Bay of
Bengal during the same and all the lagged pentads. The composite analysis confirmed
that the SST anomalies significantly increased over the Bay of Bengal during all the time
steps and over the equatorial western Indian Ocean region during the lag-2, -3, and -4
pentads. The LHF anomalies significantly increased over the Indian Ocean, but decreased
over the Bay of Bengal.
The different LHF associations with the wet NEIMR pentads between the
equatorial western Indian Ocean and the Bay of Bengal regions were possibly related to
the different atmospheric moisture demand over the two oceanic regions. As shown in the
results, the specific humidity anomaly over the Indian Ocean region decreased during the
lag-2, -3 and -4 pentads, which could cause increased moisture demand for the
atmosphere. Additionally, enhanced wind speed during the same and lag-1 pentads could
favor the evaporation processes, and thereby increased latent heat fluxes to the
atmosphere. Over the Bay of Bengal, the decreased LHF anomaly with the wet NEIMR
pentads could be due to the decreased atmospheric moisture demand, as there was
abundant water vapor available in the atmosphere during the same and all the lagged
pentads.
The analysis on moisture transport revealed that the lower atmospheric level up to
850 hPa was critical in the moisture transport processes. The moisture from the equatorial
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western Indian Ocean was carried away by the strong westerly anomalies, linked to the
anomalous cross-equatorial flow, to the moisture abundant Bay of Bengal region during
the same and lag-1 time steps of wet NEIMR pentads. The moisture convergence was
prominent and significant over the Bay of Bengal. The moisture over the Bay of Bengal,
transported from the equatorial western Indian Ocean, was further carried to the
southeastern peninsular of India by the stronger cyclonic circulations during the same and
lag-1 pentads. Thus, NEIMR could be fed by the enhanced moisture over the Bay of
Bengal with moisture from the equatorial western Indian Ocean through anomalous
cyclonic circulations. The revealed ocean and atmosphere processes, associated with the
wet NEIMR conditions, could help enhance the existing monsoon predictability and
thereby improved rainfall forecast available for the southeastern peninsular India. The
agriculture dependent population in the southeastern peninsular India could maximize the
benefits of monsoon rain and reduce the risk of extreme rainfall events through the
improved intra-seasonal forecast information for their agricultural and hydrological
operations.
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4 Lessons from the past for adapting to the monsoon
variability in the future
4.1

Background
Humans have altered terrestrial landscapes for agriculture for many thousands of

years (Ruddiman 2003, Albert 2015). In some cases, these landscape changes have
affected earth system functions and caused erratic climate patterns that pose serious
threats to human society and to ecosystems (Opdam et al. 2009, Oldfield 2014).
However, human societies have also implemented various adaptive practices, and despite
the catalog of tales of collapse and destruction (Diamond 2005), the past also provides a
library of examples of societal resilience suited to the needs of learning and innovating in
response to climatic change (Endfield 2012, Oldfield 2014, Dearing et al. 2015).
Studying the interactions between climate and humans in the historical past can thus
provide some insight into preparing modern societies for the consequences of changing
environments in the Anthropocene.
The paleoclimatic record derived from tree rings, lake or ocean sediments, cave
speleothems, pollen spectra, and written sources has been useful to understand past
climate variability and, likewise, at helping us to appreciate the forms, and lag times of
societal response (Buckley et al. 2010, Pederson et al. 2014). Paleoclimatic records,
archeology, and historical archives have been used for reconstructing regional histories
(Dearing et al. 2015) and for inferring the contribution of climatic anomalies in the rise or
collapse of human society in a region (Davis 2002, Buckley et al. 2010, Pederson et al.
2014). For example, the role of climate in the rise and collapse of civilizations has been
proposed for the Akkadian Empire (Cullen et al. 2000), Mesoamerica (DeMenocal 2001),
and particularly the collapse of Mayan civilization in the Yucatan Peninsula as a result of
droughts ca. 800–900 CE (Curtis et al. 1996, Haug et al. 2003), Cambodia (Buckley et al.
2010), the Indus civilization (Berkelhammer et al. 2012, Dixit et al. 2014), the
Mississippi lake region (Muñoz et al. 2014), and Mongol Empire at the time of Genghis
Khan (Pederson et al. 2014). Western North America experienced more frequent and
more severe droughts from 900 to 1300 CE when compared with normal variability of the
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20th century (Cook et al. 2004), perhaps also explaining the collapse of the Anasazi
culture and the disappearance of the Mill Creek Indians in the Great Plains (Bryson and
Murray 1977).
Dearing et al. (2015) have highlighted the importance of understanding the socioecological system dynamics of the past for the sustainable management of modern
landscapes. Bowden et al. (1981) had previously hypothesized that societies were likely
to respond to climatic hazards in two alternative ways: lessening and catastrophe. The
lessening hypothesis proposes that societies enhance their capacity to adapt to minor
climatic stress through technological improvement and increased social organization. The
catastrophe hypothesis suggests instead that societies become more vulnerable to major
climatic stress as time progresses because of increasing vulnerability ascribable to ever
heavier reliance on technology and to increasingly complicated social organization.
Based on population and climatic data from North India, the US Great Plains, and the
African Sahel, Bowden et al. (1981) found evidence for lessening strategies, but evidence
for catastrophe was less clear partly because of spatial and temporal data limitations.
In South Asia, historians have documented the rise of the Chola Kingdom from a
relatively small territory to becoming the dominant empire of South Asia between 850
and 1280 CE (Schwartzberg 1992, Subbarayalu 2012, Sastri 2014), a period which
coincides with the Medieval Climate Anomaly (Mann et al. 2009, Graham et al. 2011).
The role of climate as a contributing component to the rise of Chola Kingdom and to
shifting southward the centre of gravity of Indian history has not, however, been
previously investigated. Given that the rural Chola economy was heavily dependent on
the monsoon (Srinivasan 1991), investigating the spatial and temporal variability of
rainfall over South India in the past is likely to be important in understanding the growth
of the Chola Kingdom in relation to its immediate neighbors.
Communities in various parts of the world have displayed complex adaptation
strategies to deal with climatic variability by building water harvesting structures, water
regulating structures, and by resorting to agricultural strategies such as crop
diversification (Gunnell et al. 2007, Buckley et al. 2010, Wescoat 2011, Luzzader-Beach

62

et al. 2012, Endfield 2012, Adamson 2014). For example, the Angkor kings of Cambodia
built water-regulating structures such as canals and groundwater recharge reservoirs to
irrigate their intensively managed agricultural landscape (Buckley et al. 2010). In South
India, historians and archaeologists have documented the practice of constructing temples
and man-made lakes (tanks) for the past 2000 years (Adiceam 1966, Balasubrahmanyam
1966, Dikshit et al. 1993, Champakalakshmi 1986, Srinivasan 1991, Rajan 2008,
Subbarayalu 2012). The tanks in the southeastern parts of Tamil Nadu have been
interpreted as adaptive strategies for managing the seasonal and internannual rainfall
variability (Gunnell et al. 2007). Temple and tank construction in South India are also
considered as primary indicators of political power and economic prosperity, because the
purpose of the reservoirs is to harvest rainwater for enhancing agricultural productivity
and ensuring food sovereignty (Subbarayalu 2010). Compilations of dated inscriptions on
tank weirs have indicated that the construction rates of temples and tanks increased
sharply during the Chola period (Srinivasan 1991, Rajan 2008). Investigating the
chronology and spatial distribution of historical tank construction in the South Indian
landscape would, therefore, help to (1) understand the response options to climatic
variability in the region at the time of Chola rule, and (2) understand how pre-modern
societies devised strategies for sustainable management of existing water harvesting
structures as responses to climate change. Accordingly, in this chapter, I (1) examine
Indian monsoon variability at seasonal time scales using a combination of modern and
paleoclimatic data to understand the possible influence of climate on the rise of Chola
Kingdom; (2) reconstruct the chronology and spatial patterns of tank construction in
response to climatic variability as a means of understanding adaptive societal responses;
and (3) explore the response of a complex hierarchical society to climate change during
the last two centuries to understand how changes in social attitudes and resource
management practices may have increased the vulnerability of southern India to extreme
climatic events.
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4.2

Study area

4.2.1 Brief history of the South Indian kingdoms
In this study, the focus is on the historic region of South India, which roughly
corresponds to the modern (and linguistically Dravidian) states of Tamil Nadu, Kerala,
Andhra Pradesh, and Karnataka (Figure 4.1(a)) during the Ancient (560 BCE to 647 CE)
and Early Medieval periods (647–1206 CE) of Indian history. From 250 CE, South India
was shared by four major kingdoms (Figure 4.1(a); Sastri 1966, Schwartzberg 1992,
Sastri 2014): the Early Pallava (250–550 CE) and Greater Pallava (550–930 CE)
kingdoms (capital: Kanchipuram); the Pandya Kingdom (550–1320 CE; capital:
Madurai); the Early and Later Chalukya kingdoms (1000–1200 CE; earlier capital:
Badami; later capital: Taradavadi, a feudatory situated farther north); and the Chola
Kingdom (846–1280 CE) (Figure 4.1(a)). During the 8th century CE, the Chola rulers
established their capital city in Uraiyur (Niranjanadevi 2012) but moved it to Thanjavur
in the 10th century, and then again to Gangaikondacholapuram in the 11th century. The
geographic extent of these kingdoms between 250 and 1500 CE is based on Schwartzberg
(1992) and shown in Figure 4.1(b). The Chola and Chalukya were among the 63
kingdoms in Indian history to attain superpower status (definition based on the size of
their geographic footprint and span across several historic regions) for several
consecutive centuries (Schwartzberg 1992). The Chalukya, Pandya, and Pallava were the
dominant kingdoms in South India before 850 CE, with a short-lived overlap during early
Chola expansion which began ca. 850 CE. The Hoysala and Vijayanagara kingdoms
started to emerge after 1250 CE following the decline and contraction of the Chola
superpower.
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Figure 4.1 Geography and chronology of kingdoms in South India. (a) Map showing
topography, rivers and capital cities of the South Indian kingdoms (compiled after
Schwartzberg 1992), and (b) Status of South Indian kingdoms at 50-year intervals during
the period 250–1500 CE (after Schwartzberg 1992). The blue rectangular box represents
the golden age of the Chola Kingdom, between 850 and 1280 CE
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The Chola rulers were famous for their administrative innovations and politically
inclusive and centralizing strategies. They enforced a diversity of taxation rules, e.g. land
tax from landowners, service tax from farmers, taxes on non-agricultural professions,
miscellaneous taxes on tolls on merchandise, and judicial fines. From the beginning of
the 11th century, agricultural land became classified into different categories, such as
tank-irrigated, rain-fed, single- and double-crop, for taxation purposes. The revenue was
periodically reassessed and the classification revised in accordance with changes in
cropping patterns, yields, fertility, etc. (Subbarayalu 2012). Furthermore, the territorial
cohesion between the Chola and Chalukya kings helped to minimize political
fragmentation through a policy of robust corporate institutions involving local assemblies
among merchant communities and in agrarian settlements (Schwartzberg 1992). In terms
of size, the Chola Kingdom was the only political entity of South Asia to gain the status
of a supra-regional imperial power at the beginning of the 11th century, carrying out a
naval expansionist policy of foreign trade reaching Ceylon, southern Thailand, Sumatra
(Indonesia), and Myanmar (Hall 1980, Champakalakshmi 1996, Subbarayalu 2012, Sastri
2014). The military expansion of the Chola Kingdom peaked during the earlier half of the
11th century and helped the Chola rulers to conduct large expeditions leading all of South
India to be held united under his control (Subbarayalu 2012). Regional co-operation,
taxation, trade, and military strategy may all be interpreted as political adaptations crafted
by the Chola rulers to consolidate their economic prosperity.

4.2.2 Landscapes of the Chola Kingdom: temples and tanks
Agriculture was one of the major economic activities at the time of the Chola
Kingdom (Srinivasan 1991, Subbarayalu 2012). The Chola kings are often considered
great patrons of culture, art, and architecture, with historians sometimes referring to this
period as the “Golden Age of tanks” because of the monumental architecture and
multiplication of tanks in South India (Barah 1996). The Chola rulers during that time
also

promoted

the

construction

or

renovation

of

more

than

400

temples

(Balasubrahmanyam 1966, 1971, 1977, Balasubrahmanyam et al. 1979). The temples
(Figure 4.2(a)) served as multipurpose community halls used for religious worship, for
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conducting educational activities, celebrating festivals, storing important records, and for
sheltering communities during times of hardship (Balasubrahmanyam 1966).

Figure 4.2 Temples and tanks in Cuddalore district, Tamil Nadu. (a) Nataraja temple and
its tank in Chidambaram, and (b) Veeranam Lake in Sethiyathope (Photo by
Shanmugasundaram Jothiganesh, 2015).
Temple tanks were built to harvest rainwater during the rainy season and supply it
for domestic and agricultural use (Pandey et al. 2003, Ramachandran 2006, Rajan 2013,
Meter et al. 2014). Today, temple tanks are part of the assets of the temple (Ganesan
2008). The tank typically exhibits surface areas ranging from 0.4 ha to 10 ha, and can
hold 20 to 600 m3 of water. In addition to these temple tanks, the Chola rulers also
promoted the development of multi-purpose man-made lakes, also called tanks (eri, in
Tamil), mainly designed to harvest runoff for irrigation. Some of the larger artificial lakes
of this kind in the Chola heartland are Veeranam Lake (capacity: 41.5·106 m3) (Figure
4.2(b)) and Chembarambakkam Lake (capacity: 88.0·106 m3) (WRO undated). Currently,
the state of Tamil Nadu has 2,359 temple and 41,127 irrigation tanks—a clear sanction of
their long-term sustainability as water harvesting devices. This population of extant
reservoirs was an initiative entirely promoted by the four medieval kingdoms of South
India, and the practice of tank irrigation was subsequently emulated by the successive
rulers of South India until the mid-twentieth century (Adiceam 1966, Gunnell and
Anupama 2003, Mialhe et al. 2008, DoS 2012, Prasanna Kumar 2013).
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4.2.3 Climate and agriculture (1901–2010)
There are two dominant rainfall seasons in peninsular India (Gunnell et al. 2007,
Tyagi et al. 2008): the Southwest Indian monsoon rainfall (SWIMR) (June to September)
and NEIMR (October to December) (Kripalani and kumar 2004, Prasanna et al. 2008,
Rajeevan et al. 2012). During the SWIMR season winds are southwesterly (Figure
4.3(a)), and during the NEIMR season they blow from the northeast (Figure 4.3(b)). The
Western Ghats, an elevated escarpment along the western boundary of peninsular India
(see Figure 4.1(a)), influence the wind and rainfall patterns over southern India (Gunnell
1997), with the heavier SWIMR recorded over the Western Ghats (Figure 4.3(a)). In
contrast, the heavier NEIMR occurs along the coastal fringe of Tamil Nadu (Figure
4.3(b)). The rainfall over southern India during these two monsoon seasons is episodic
and is influenced by monsoon depressions, tropical cyclones and the transient
characteristics of jet streams in the upper easterlies (Ramage 1971, Walsh et al. 1999).

Figure 4.3 Modern rainfall distribution in peninsular India. (a) Seasonal mean of SouthWest Indian Monsoon Rainfall (1901 to 2010) and of 850 hPa wind vectors (1948 to
2010) from June to September, and (b) Seasonal mean of North-East Indian Monsoon
Rainfall (1901 to 2010) and of 850 hPa wind vectors (1948 to 2010) from October to
December. Rainfall data (in units of mm/season) were obtained from the Climate
Research Unit (Harris et al. 2013) and wind vectors (in unit of m/s) were calculated
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using u- and v-winds from the National Center for Environmental Prediction (NCEP)
reanalysis data (Kalnay et al. 1996).
The El Niño anomaly is one of the major climatic drivers behind SWIMR and
NEIMR variability (Kumar et al. 2007, Zubair et al. 2008). El Niño conditions exert
contrasting impacts on SWIMR and NEIMR because of the physical nature of the
teleconnections that link the El Niño process with the two Indian monsoon systems. El
Niño (as opposed to La Niña) conditions exacerbate NEIMR over Tamil Nadu because of
two possible mechanisms: (1) stronger easterly wind and low-elevation moistureconvergence anomalies, along with associated changes in the circulation regime
throughout the troposphere over Sri Lanka and the southern parts of India (Kumar et al.
2007); and (2) increased cyclonic activity caused by the warmer sea-surface temperatures
(SSTs) in the northern Indian Ocean (Yadav 2012). The El Niño conditions favor NEIMR
not only in South India, but also over the northeastern part of Sri Lanka (Suppiah 1989,
1996, Kane 1998, Zubair et al. 2008), which is also part of the tank civilization and
exhibits very similar climatic conditions to those of southeastern India. In contrast, the
intensity of SWIMR is attenuated during El Niño conditions (Ihara et al. 2007). These
effects are associated with a decrease in the heat contrast between land and sea, which
plays an important role in controlling SWIMR (Webster 1987, Lee et al. 2009) because of
the warmer SSTs in the surrounding oceans during El Niño years (Krishna Kumar et al.
2006). The physical link between El Niño (warmer phases) and the Indian summer
monsoon induces a decline in SWIMR on both interannual and interdecadal timescales
due to an anomalous regional Hadley circulation and an eastward shift of Walker
circulation patterns (Krishnamurthy and Goswami 2000, Krishna Kumar et al. 2006).
The rural population of South India today is heavily dependent on monsoon
rainfall for meeting the water requirements of its agriculture (Parthasarathy et al. 1988,
DoE 2006, Krishna Kumar et al. 2004). Approximately ca. 912 x 103 ha of land area in
the 1960s and 518 x 103 ha in the 2000s were still benefiting from dry-season tank
irrigation (TNSPC 2012, UNDP 2013). Crop variety and crop yield are closely linked to
rainfall regime (Krishna Kumar et al. 2004, Gadgil and Gadgil 2006, Prasanna 2014). For
example, the correlation coefficient between the all-India food grains index and the
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Indian summer monsoon rainfall index between 1949 and 1998 was 0.79 (Krishna Kumar
et al 2004).

4.3

Data and methods

4.3.1 Modern climate data analysis, 1901 to 2010
I calculated the total amounts and percentage contributions of SWIMR and
NEIMR (the two major rainy seasons) to annual rainfall across South India as a basis for
investigating the level of dependency of the respective kingdoms on each of the two
monsoon systems for their water resources, and also as a means of acquiring deeper
insight into why the Chola rulers moved their capital cities from Uraiyur to Thanjavur,
then to Gangaikondacholapuram. In order to evaluate the chances stood by each of the six
historical capital cities of South India of being exposed to the two monsoon systems, I
used gridded monthly precipitation data at 0.5 x 0.5 degree resolution produced by the
Climate Research Unit (CRU, Harris et al. 2013) and performed a temporal analysis of
instrumental rainfall characteristics between 1901 and 2010. The monthly time series of
CRU rainfall data for that period were obtained by extracting areal averages over South
India (75–82° E and 8–18° N) and were standardized by dividing rainfall anomaly by the
standard deviation. These data were aggregated by season to obtain the June to
September and October to December totals. The variation between monthly averaged
SWIMR and NEIMR over the three Chola capitals (Uraiyur, Thanjavur and
Gangaikondacholapuram) and those of their three neighboring kingdoms (Badami,
Kanchipuram, Madurai) were described using box-and-whisker plot analysis (Chatfield
1985). A Student’s t-test was carried out for a two-sample difference of means (Walpole
et al. 1993) to examine the dependency of SWIMR and NEIMR over the six cities.
The annual Southern Oscillation Index (SOI) for 1901–2010 was obtained from
the Australia Bureau of Meteorology (Bureau of Meteorology 2015a) and used to
examine the associations between El Niño and the two Indian monsoons. I also tested
whether SWIMR and NEIMR were correlated with the annually averaged 1901–2010
SOI (Chatfield 1985). The strength of association was estimated using the Pearson
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correlation coefficient. A chi-square test was carried out to assess the dependency
between the monsoon indices and SOI values. The El Niño (SOI < –7), normal (SOI
values between –7 to +7), and La Niña (SOI > +7) periods were classified based on the
standard definitions published by the Australian Bureau of Meteorology (Bureau of
Meteorology 2015b). The frequency of wetter and drier SWIMR and NEIMR years were
also correlated with El Niño years. I selected all the years with SOI values less than –7
(El Niño conditions) and carried out composite difference analysis to determine the
rainfall variations of SWIMR and NEIMR during El Niño years. A Student’s t-test was
used to quantify the statistical significance of observed differences (95% confidence
level) between the El Niño composite means and the climatological means.

4.3.2 Historical climate data analysis, 500 to 1900 CE
Paleoclimatic data for mainland India prior to the period of instrumental records
are scarce. To understand longer-term SWIMR and NEIMR variability during the
historical period of interest, I reviewed existing paleoclimatic evidence (NOAA
Paleoclimatology 2015) from the following sources: (1) the South-Ist Indian Monsoon
Index (SWIMI)—a

230

Th-dated stalagmite oxygen-isotope proxy record (δ18O)

reconstructed from the Dandak cave deposits, which are located in the Indian state of
Orissa (Sinha et al. 2007); (2) the South-Asian Monsoon Index (SAMI), which was
constructed by tuning SOI time series to tree-ring data from South Asia (Shi et al. 2014);
and (3) SOI time series constructed by correlating tree-ring and precipitation proxies
(Yan et al. 2011). SOI reconstructions by Yan et al. (2011) were consistent with the
proxies used by Conroy et al. (2010) for Tropical Pacific zonal SST gradients and for the
Indo-Pacific Warm Pool over the period 800–1900 CE in capturing the dominant El Niño
conditions during the period extending from 1000 to 1300 CE. For the purpose of this
study, I implemented the SOI data from Yan et al. (2011) because they were
reconstructed on the basis of proxies from Southeast Asia and South America, which are
the two regions with the strongest El Niño–Southern Oscillation (ENSO) signals in recent
records.
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The aforementioned datasets were available for different periods covering the last
2500 years, and there is agreement between them over the overlapping period 900–1500
CE. Time-series visualization plots were generated for all the reconstructed paleoclimate
data (SOI, SAMI, and SWIMI) for the period between 500 and 1900 CE and inferred the
characteristics of the SWIMR from the SAMI and SWIMI graphs. The major assumption
in this study is the uniformitarian principle (Hutton 1899), i.e. that climate characteristics
and their relationship with climatic drivers during the modern instrumental period (1901
to 2010) were also valid during the broader historical period of interest (500 to 1900 CE)
(e.g. Bocinsky and Kohler 2014, Bradley 2014). A number of studies on paleoclimate
have suggested that this assumption is valid for monsoonal South Asia (Bradley 2014,
Bocinsky and Kohler 2014), where the driving physical mechanisms that explain the
annual-scale contrast between the monsoon season and the dry season during
instrumental times (e.g. Gunnell et al. 2007) readily scales up to explain longer periods of
contrast between drier and wetter periods during the Holocene (Gupta et al. 2003) and
likewise during the glacial and interglacial periods of the Pleistocene (e.g., Duplessy
1982, Sarkar et al. 1990). The strength of ENSO has varied over the last two thousand
years, but it appears that between 850 and 1280 CE, ENSO effects on rainfall patterns
were stronger than immediately before or after that period (Sinha et al. 2007). While
assuming that the association between 1901 and 2010 was also valid for past centuries
and supported by similar driving physical mechanisms, I thus used modern instrumental
relationships between the SOI and NEIMR to infer the characteristics of NEIMR from
the SOI historical proxy between 500 and 1900 CE.

4.3.3 Temple and tank data analysis
The years of temple construction were compiled from the four volumes on Chola
architecture by Balasubramanyam (1966, 1971, 1977) and Balasubrahmanyam et al.
1979. Although this work does not contain a complete list of South Indian temples, it
remains the most detailed survey available and provides extensive information on the
Chola period. The periodization of Chola rulers was based on Sastri (1966, 2014), and
was compared with Balasubramanyam (1966, 1971, 1977), and Balasubrahmanyam et al.
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1979) to cross-correlate the period of rule and corresponding kingdom territories with the
major peaks of temple construction. Every temple built by Chola rulers in South India
had its own tanks to harvest and store rainwater. Therefore, the number of temples built
under Chola rule provides an indication of the number of temple tanks. Given that the
geographic coordinates of temples and tanks were not readily available, village locations
obtained from district-level administrative units based on 2011 data from the Indian
Survey Department were used instead.
The year of temple construction provided by the literature may not be
systematically accurate, therefore I compiled the ruling period of each Chola king and the
construction work commissioned under his rule. Each ruler was in power for
approximately 30 to 50 years, and some ruled for a shorter time span (5 to 10 years). The
Chola rulers were aggregated into nine chronological classes (Table 4.1) based on the
number of temple construction works, assuming these clusters might have occurred
during similar climatic conditions. The actual number of temples for each Chola time
cluster was used for spatial analysis. To illustrate the district-wise spatial distribution of
temples constructed by the nine Chola rulers, the temple and tank construction data were
imported into SAVGIS, a freeware Geographic Information System (Souris 2002,
Shanmugasundaram et al. 2012). The maps were prepared for each time slice in order to
examine the spatio-temporal patterns of construction.
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Table 4.1 Chronology of Chola Kingdom rulers
Cluster
code

Name of the
King

Ruling period
in CE

No. of temples
constructed or
renovated

C1

Chola
Kingdom
period
Early Chola
Kingdom

Vijayalaya
22
Aditya I
850–907
64
C2
Parantaka
907–955
48
C3
Sundara chola
6
Aditya II
2
Uttama chola
956–985
27
C4
Middle Chola
Rajaraja I
985–1014
60
Kingdom
C5
Rajendra I
1014–1044
25
C6
Rajadhiraja I
8
Rajendra Deva II
3
Raja Mahendra
Vira Rajendra
1
Adhi Rajendra
1044–1070
1
C7
Later Chola
Kulonttunga I
51
Kingdom
Vikrama Chola
1070–1135
22
C8
Kulottunga II
4
Rajaraja II
5
Rajadhiraja II
1135–1182
7
C9
Kulotunga III
29
Rajaraja III
19
Rajendra III
1182–1280
5
Source: Compiled from Balsubramaniam (1966, 1971, 1977), and Balasubrahmanyam et
al. 1979

4.3.4 Exploring the societal response to changing climate in the recent
Anthropocene
The evolving status of Chola tank systems in more recent times was investigated
in order to highlight the relevance of this study to continuing changes in the climate and
the landscapes. A perspective on societal resilience in the Anthropocene to extreme
climatic events within the Chola historical region was gained by showcasing how these
Medieval water harvesting structures played a role in either minimizing or worsening the
impacts of well documented extreme climate events. The consequences of (1) the megadrought of 1876–1878 (Macleane 1885, Davis 2002), and (2) the major flood of 2015,
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which occurred after nearly 150 years of rapid population growth and substantial urban
and rural landscape changes were identified for further study.

4.4

Climatic variability during the modern and historical periods

4.4.1 Climatic variability, 1901–2010
Interannual variations of NEIMR, as indicated by the range between the minimum
and maximum in the box-and-whisker plots (Figure 4.4), are high compared to those of
the SWIMR over each of the six historical capital cities of South India. The temporal
variability and extreme seasonal totals of NEIMR were observed to be highest over the
cities of Kanchipuram and Gangaikondacholapuram. The t-test results indicate that the
monthly means of the NEIMR and SWIMR are significantly different (p-value < 0.01)
over all six cities. The NEIMR received in Uraiyur (Chola capital in the 8th c. CE) is
much lower than that in Thanjavur (Chola capital in the 9–10th c. CE) and in
Gangaikondacholapuram (capital during the 11th c. CE). NEIMR totals are much higher
over Thanjavur and Gangaikondacholapuram than over the neighboring Chalukya and
Pandya kingdoms. Table 4.2 shows the seasonally accumulated SWIMR and NEIMR and
their percentage contributions to annual rainfall over those cities. The area corresponding
to the Chola and Pallava kingdoms receives more than 50% of its annual rainfall during
the NEIMR season. The highest NEIMR-receiving areas were Kanchipuram (Pallava
Kingdom, 620 mm seasonal rainfall) and Gangaikondacholapuram (Chola Kingdom, 616
mm seasonal rainfall). Badami (Chalukya Kingdom) receives 58% of its annual rainfall
during the SWIMR season.
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Table 4.2 Rainfall characteristics over the capital cities of the kingdoms of South India

Capital Cities

Kingdom

Total
SWIMR
(mm)

Total
NEIMR
(mm)

Total
annual
rainfall
(mm)
589
1166
894
894
1028

Chalukya 340
Badami
154
Pallava
Kanchipuram
452
620
Pandya
Madurai
291
446
Chola
Tiruchirapalli
329
410
Chola
Tanjore
317
568
Gangaikondac Chola
holapuram
357
616
1113
Source: Climate Research United rainfall gridded data sets

Ratio of
SWIMR
to annual
(%)
58
39
33
37
31

Ratio of
NEIMR to
annual
(%)
26
53
50
46
55

32

55

The Chola Kingdom received more benefits from the North-East monsoon winds
(windward effect direct from the Bay of Bengal; see Figure 4.3(b)) than from the SouthWest monsoon winds (rainshadow effect generated by the Western Ghats escarpment;
Figure 4.3(a)) (Srinivasan and Ramamurthy 1973, Gunnell 1997). The capital cities of the
Chola Kingdom and their agricultural supply areas consequently received their water
resources predominantly from the NEIMR, as shown in Table 4.2. The major river Kaveri
and its tributaries flowing through the Chola Kingdom (see Figure 4.1(a)), however, also
received perennial stream flow from the SWIMR regions situated in the upper catchments
of the Kaveri drainage basin. Therefore, the power centers of the Chola Kingdom were in
both a climatic and a hydrographic position to benefit directly from NEIMR and
indirectly from SWIMR.
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Figure 4.4 Temporal variability of modern SWIMR and NEIMR over the capital cities of
the Chola and other kingdoms of South India. Rainfall quantity (1901–2010 CE) is in
mm/month. The t-test for a two-sample difference of the means in SWIMR and NEIMR
time series rejects the null hypothesis (mean differences of SWIMR and NEIMR are equal
to zero), and the p-values are significant at 99% for all six of the cities

In contrast to the Chola heartland, the neighboring kingdoms were predominantly
dependent on one monsoon rainfall season (whether the SWIMR or NEIMR), and none
of their capitals were situated on the Kaveri River—the only large perennial stream of
South India. The Pandya Kingdom, which was ruled from Madurai, received water from
NEIMR (at least 50% of annual rainfall), but the mean modern NEIMR amount in
Madurai (446 mm) is not as high as in the capital cities of the Chola Kingdom (e.g., 616
mm in Gangaikondacholapuram). The Pallava Kingdom, ruled from Kanchipuram, also
received water predominantly from NEIMR (53% of annual rainfall). Water in the
Chalukya region was predominantly supplied by SWIMR (Table 4.2). Out of the four
South Indian kingdoms, the outlier is the Chalukya Kingdom, which was situated at
higher elevations on the Deccan plateau in the semi-arid (600 mm modern annual rainfall
or less), South-West monsoon rain shadow of the Western Ghats escarpment.
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4.4.2 Relationship between rainfall and the SOI, 1901–2010
El Niño conditions (SOI values less than –7) are associated with enhanced (above
average) NEIMR and attenuated (below average) SWIMR (Figure 4.5). The pattern of
wetter periods indicates that clustering during El Niño years is detected in the NEIMRdominated (Figure 4.5(a)), but not in the SWIMR-dominated, regions (Figure 4.5(b)).
Pearson’s coefficients expressing the correlation between the SOI and the standardized
SWIMR and NEIMR time series for the instrumental period 1901 to 2010 are +0.34 and
–0.38, respectively. The chi-square results (both p-values < 0.01) indicate that the null
hypothesis of no effect (of the SOI on the various monsoon indices) should be rejected,
which means that these variables are interdependent. During the period of interest, there
were 17 El Niño years, out of which 15 (89%) recorded greater than average NEIMR and
12 (71%) underwent attenuated SWIMR in South India. Results from the composite
analysis confirm the suppressed SWIMR and enhanced NEIMR conditions during the El
Niño years (Figure 4.6). These results are also consistent with results from previous
studies based on different data sources, resolutions, geographical domains, and time
periods (Krishnamurthy and Goswami 2000, Zubair and Ropelewski 2006, George et al.
2011).

Figure 4.5 Scatterplots of (a) SOI vs. NEIMR index, and (b) SOI vs. SWIMR index (1901–
2010). Positive values indicate a wetter, and negative values a drier, phase of NEIMR
and SWIMR. Vertical dashed lines at –7 to 7 position the lower and upper limits of a
normal period; values less than –7 indicate an El Niño period; values greater than 7
correspond to a La Niña period. Red lines running diagonally in the plots represent the
trend line of the data points.
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Figure 4.6 Rainfall deviation (mm/month) during El Niño years from the climatological
normal (a) SWIMR season, and (b) NEIMR season. Significant regions at the 95% level
were contoured.
4.4.3 Climatic variability, 500–1900 CE
Between 850 and 1280 CE, El Niño-like conditions (Figure 4.7(a)) and attenuated
SWIMR conditions (Figure 4.7(b)) were recorded. During that period, the SAMI was also
lower during the Chola rule and remained so until 1600 CE compared to the period after
1600 CE (Figure 4.7(c)). The SWIMI for the period 600–1500 CE (Figure 4.7(b))
indicates that decade-long droughts were recorded during the 9th to 12th centuries CE
(Sinha et al. 2007, Chauhan et al. 2010, Tiwari et al. 2011). Yadava and Ramesh (2004)
compared the reconstructed Indian Summer Monsoon rainfall record from the Gupteswar
Stalactite with the marine sediment record from the eastern Arabian Sea (Von-Rad et al.
1999). Their comparisons also showed that the SWIMR was suppressed between the 9th
and 12th centuries CE. The results of Figure 4.7(b) and all other available paleoclimatic
records support the inference of attenuated SWIMR conditions during the period 800–
1200 CE. The SOI proxy data (Figure 4.7(a)) indicate more frequent El Niño-like
conditions (i.e., negative SOI) during the period 850–1280 CE.
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Figure 4.7 Time series of monsoon variability (500 to 1900 CE) based on three different
geologic proxies. (a) SOI, after Yan et al. (2011), (b) Oxygen isotope values (δ18O), a
proxy for the South-West Indian Monsoon Index, as elaborated by Sinha et al. (2007)
from speleothem geochemistry at Dandak caves, and (c) South Asian Monsoon Index
after Shi et al. (2014). Vertical lines are lower and upper time brackets of the golden age
of the Chola Kingdom (850–1280 CE) and horizontal dashed lines are means of each
time series.
4.5

Discussion

4.5.1 Potential causes for the rise of the Chola Kingdom
Changes in land use and land cover are caused by a combination of variables such
as climate, environmental catastrophes, land administration and planning, technological
innovation, wars, and many other factors. From the results presented above on climate
variability in peninsular India during the last 1500 years, three potential contributors to
the rise of the Chola Kingdom between 850 and 1280 CE are inferred: (1) enhanced
rainfall conditions over Chola territory, (2) comparatively unfavorable climatic
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conditions in the neighboring Chalukya, Pallava and Pandya territories, and (3)
technology-based adaptation strategies to the climate-induced opportunities. Many
interdependent political aspects also contributed to the economic and territorial strength
of the Chola kingdom as discussed in section 4.2.1.
Comparatively unfavorable climatic conditions in the neighboring kingdoms. The
attenuated SWIMR and prolonged drought conditions are likely to have put agricultural
productivity under stress due to rainfall deficits in the Chalukya Kingdom, which is
located in the SWIMR-dominated regions. Today, crop yields are strongly associated
with monsoon regime (Krishna Kumar et al. 2004). Similarly, Prasanna (2014) inferred
that an increase (decrease) in Indian summer monsoon rainfall is generally associated
with an increase (decrease) in national food grain yield (period of interest: 1967–2010).
The relationship between agriculture and monsoon rainfall variability in modern times
indicates that past climatic variability, particularly conditions of attenuated SWIMR,
could have affected the agricultural sector to a similar or even greater extent. In the case
of the Pandya Kingdom, the capital city (Madurai) was located in the NEIMR region,
with its limited agricultural lands to the west and southwest of Madurai receiving more
water resources from SWIMR rather than from NEIMR. Attenuated SWIMR might,
therefore, have put Pandyan territory to some disadvantage, although less so than the
Chalukya Kingdom given the dense network of tank storage systems in this NEIMRdominated Pandyan region already at that time (Mialhe et al. 2008, Gunnell et al. 2007).
The weaker SWIMR (Dhavalikar 2002, Gupta et al. 2003) during the Medieval
Climate Anomaly, which implied diminished discharge in SWIMR-supplied Deccan
rivers, made water resources less dependable in Chalukya territory. However, between
1150 and 1200 CE the SWIMR was above average (Figures 7(b, c)), which could be one
of the reasons why the Chalukya Kingdom briefly regained “superpower” status during
this period. Kanchipuram, the capital city of the Pallava Kingdom, was located in the
NEIMR-dominated region. As such it would have received surplus NEIMR, with large
interannual variability (see the large temporal variation in Figure 4.4) and additional
exposure to cyclone hazards because of its relative proximity to the coast (Gunnell et al.
2007, UNDP 2013, Indian Meteorological Department 2012). The majority of water
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harvesting structures in Pallava territory were built under the patronage of Chola rulers
from 850 to 1280 CE (Figure 4.8, Balasubramanyam 1966, Srinivasan 1991), which
indicates that the Pallava Kingdom might not have initially possessed a sufficient base of
water harvesting structures to optimize runoff harvesting and flood control during highrainfall cyclonic years and to manage the consequences of extreme climatic hazards
through sovereign or independent means.
Enhanced rainfall conditions at the core of the Chola Kingdom. The Chola landscape
benefited directly from NEIMR and indirectly from SWIMR via the perennial Kaveri
River. Even when one monsoon failed, rural and urban communities would have the
second monsoon system on which to rely during the subsequent season. Instrumental data
for the 20th century have shown that it is unusual for both monsoons to fail during
successive seasons. For instance, deficits (–20% deviation from the climatological
normal, as defined by the Indian Meteorological Department (2015a)) of SWIMR and
NEIMR occurring in the same year were recorded only twice between 1901 and 2010
CE. In an essentially agrarian society (e.g., Subbarayalu 2012), the availability of rainand riverwater distributed across two seasons throughout a landscape equipped with a
vast water storage capacity would have been advantageous in terms of increasing food
production. On decadal to centennial time scales, the Chola Kingdom would have
benefited most from NEIMR during the attenuated SWIMR conditions, i.e. under the
enhanced El Niño-like conditions between 850 and 1280 CE. Because of the surplus
water resources from NEIMR, the Chola Kingdom appears to have attained relatively
high food production. Subbarayalu (2012) has provided a rough estimate of 1300 villages
existing in the heartland of Chola territory during the 11th century. Each village of 1000
households would have produced an average grain output of 87,000 metric tons each year
(Subbarayalu 2012), confirming the hypothesis inference of a large food capacity
subsistence base. In summary, the long-term and above-normal NEIMR conditions,
supplemented by capital cities strategically situated in the floodplains of the SWIMR-fed
Kaveri River and its canals and delta distributaries, would have secured surplus food
production in the Chola Kingdom to emerge as a prosperous, superpower after 850 CE,
peaking during the 11th century CE.
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Adaptation strategies to capture optimum benefits from NEIMR. The spatial patterns
of temple construction for each time slice of Chola rule indicate that construction works
were heavily focused on the NEIMR-dominated regions (southeastern coastal belt of
Tamil Nadu) (Figure 4.8). South Indian society appears to have acquired a deep empirical
understanding of the South Indian climate (Gunnell et al. 2007). Chola rulers maintained
their capital cities within the NEIMR-dominated regions while devising strategies based
on building resilient rain- and river-fed tank systems that could adapt to climatic
variability involving extremes from droughts to cyclones. For example, the Cholas
experienced devastating floods in their erstwhile capital city, Uraiyur, which stood in the
Kaveri River floodplain near Tiruchirappalli during the 8th century (Niranjanadevi 2012).
However, SWIMR became unreliable from the 9th century (Figure 4.7(b)). Apparently as
a result of these drier SWIMR conditions, the Chola Kingdom strategically moved its
administration

to

Thanjavur

by

the

10th

century,

and

then

again

to

Gangaikondacholapuram in the 11th century CE (both situated at safe distances from the
active Kaveri floodplain)—thus perhaps chasing after the shifting wetter epicenters of the
NEIMR-dominated coastal hinterland (see Figure 4.1(a)).
Overall, the spatial pattern of temple and tank construction between 850 and 1280
CE indicates that greater preference was given to NEIMR-dominated southeastern India
rather than any other climatic subregion (Figure 4.8). Although the tanks are primarily
designed to buffer drought conditions and operate as useful runoff harvesting structures
even during normal rainfall years, they are also effective flood-mitigation devices. Given
the high intensity of NEIMR meteorology, a succession of interconnected, dammed
reservoirs along a slope will break the kinetic energy of runoff, delay the conveyance of
overland flow, and contain water (Meter et al. 2014). Given that the Chola heartland
receives up to 50–60% of its annual rainfall during the NEIMR season (Balachandran et
al. 2006, Rajeevan et al. 2012), the tanks would have received maximum water from the
heavy downpours (including cyclones) that occur during the NEIMR season.
The rules of Rajaraja I (985–1014 CE) and Rajendra I (1014–1044 CE) marked
the pinnacle of Chola rule in terms of temple construction rate (see Table 4.1) and
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territorial extent. The Chola rulers not only built the tanks but also laid down principles
for maintaining and managing them. These principles underwent changes during the
successive periods, but they are still ingrained in rural culture and finely tuned to the
ecology of water flow and other environmental constraints (Pandey et al. 2003, Mosse
2003). For example, the Chola kings gifted land to the temple authorities, who were
exempted from land tax for the maintenance of temples and tanks (Srinivasan 1991,
Subbarayalu 2012). In addition, army garrisons were stationed near the larger temples
(Subbarayalu 2012). Therefore, various political and financial measures involving the
concentration of power around temples and tanks were implemented to promote these
water-harvesting structures as ways of improving agriculture in a region largely
untouched by the SWIMR regime. Gunnell et al. (2007) hypothesized that the
multiplication of water-harvesting structures could have resulted from either of two
opposite causes: a response to increasing drought or, conversely, the conscious choice to
capitalize on wetter times in order to increase agricultural yields and production, and
hence to accelerate economic growth. Depending on how the problem is viewed, tank
construction was thus either a risk-mitigating or a wealth-enhancing strategy—with
nonetheless win–win outcomes in both cases.
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Figure 4.8 Spatial distributions of temple and tank construction works in South India.
Maps show the number of temples constructed in each modern district between 850 and
1280 CE. C1 to C9: successive Chola periods as given in Table 4.1.
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4.5.2 Societal response to climatic challenges during the Anthropocene
The majority of global and regional economic crises during El Niño years have
been well documented for post-Medieval times (Davis 2002) and suggest that
vulnerability to El Niño events would have hampered socioeconomic resilience through
recovery processes. On the other hand, the success of the Chola Kingdom supports the
increasingly well-documented idea that ancient societies responded to short- and longerterm climatic change and developed adaptive strategies to cope with climatic variations,
thus confirming the “lessening” hypothesis discussed by Bowden et al. (1981). Resulting
technological adaptations, such as the temples, tanks and man-made lakes built by Chola
laborers, have endured, and many are still functional today (Mialhe et al. 2008). The
worst mega-drought of the modern era, caused by a strong El Niño, occurred in 1878
(Davis 2002, Cook et al. 2010). It affected crop production in the Madras Presidency
(areas including the four South Indian States—Andhra Pradesh, Kerala, Karnataka, and
Tamil Nadu, i.e. a territory roughly similar to the Chola superpower, Figure 4.1), where it
resulted in the death of 1.5 million people (Davis 2002). However, three administrative
districts situated in the heartland of the former Chola Kingdom (i.e. Thanjavur,
Thiruvarur, and Nagapattinam) were less severely affected by famine and mass mortality
than many other parts of the British Raj (Macleane 1885), chiefly because the well
capacitated tank system helped to buffer the impacts of acute monsoon failure. This
suggests that innovation and adaptation strategies based on time-tested indigenous
knowledge can have long-lasting benefits for societies when they provide resilience for
managing the impacts of climate variability.
The proportion of irrigated lands through the traditional tank irrigation system at
the beginning of the 21st century was 46% less than it was in the 1960s because of poorly
predictable rainfall patterns and changes in agricultural practices (TNSPC 2012). In the
wake of the Green Revolution, groundwater irrigation was deemed more dependable for
farmers than gravity-driven irrigation. Along with the shift toward more energy-hungry,
often pump-driven irrigation practices, maintenance of the traditional waterways and
common-property water harvesting structures declined as a result of this growing
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privatization of water management (Gunnell and Anupama 2003, Jegadesan and Fujita
2011, UNDP 2013).
Against the backdrop of substantial landscape changes resulting from the growing
dereliction of village-scale tank irrigation system in favor of farm-scale pump irrigation
in the last 30 or so years, the consequences of landscape-scale tank mismanagement can
be observed in the context of extreme events such as the heavy cyclone rainfall of late
2015 in the NEIMR region of Tamil Nadu. On 01–02 December 2015, a rainfall station at
Tambaram (Kanchipuram district) recorded 490 mm/day, and Chembarambakkam
(Thiruvallur district) recorded 140 mm/day (Indian Meteorological Department 2015b).
The torrential rains were a historical maximum for those areas. This succession of
meteorological events caused substantial material destruction, including significant loss
of life, in the coastal districts of Tamil Nadu, with widespread flooding and waterlogging.
Many assessments of the damage caused by this intense, but not exceptional, event
ascribed the aggravated vulnerability of the region to such meteorological conditions to
the dereliction of the interconnected tank network constructed by the Chola rulers during
the Chola and Pallava periods, and to its failing capacity to serve as a flood-hazard
mitigation system (The Hindu 2016, The Indian Express 2016, BBC 2016).
Increasing greenhouse gas emissions, warming climate, and changes in
precipitation pattern have been emphasized by the Intergovernmental Panel on Climate
Change (IPCC) as key features of the Anthropocene epoch (Stocker et al. 2013, IPCC
2014, Field et al. 2014). Some of the climate-altering changes in land use and land cover
have been documented in India (e.g. Douglas et al. 2006, Lee et al. 2009). Likewise, the
2015 flood in Tamil Nadu provides another example of how changes in land use and how
ignoring indigenous water management practices can aggravate the potentially harmful
impacts of natural hazards on human livelihoods. Current climate adaptation plans tend to
focus on 20th century experience because of data limitations. For southeast India, this
study suggests it is critical to reach farther back in time and pay attention to the “natural
experiments of history” (Diamond and Robinson 2010) during the last two thousand
years or more. If past centuries featuring wetter episodes, such as recorded for example
during Medieval time, recur without appropriate preparedness and adaptation, recent
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signs indicate that the situation could be threatening for densely populated southeast
India, with impacts perhaps much worse than the impacts observed during the 2015
flood. Planning adaptation strategies for southeast India should gain from a holistic
examination of human history and its responses to climate change.
Water harvesting structures are as relevant to the Anthropocene as they were to
their Chola initiators, not just for the purpose of irrigating agricultural lands but also for
supplying drinking water and enabling groundwater recharge. Furthermore, South Indian
tanks contain water but also sediment, flora and fauna. They thus support fish livestock,
aquatic plants (some edible), pottery and brickmaking activities, all of which provide
additional income to certain sections of the village population (Gunnell and Anupama
2003, Asian Development Bank 2006). Tanks in southern India also provide a place for
forestry activities, from which timber, fruits, fuel, and habitat for wildlife (particularly
birds: some South Indian tanks are natural reserves for resident and migratory bird
situated on the Central Asian Flyway: Islam and Rahmani 2005). Another resource is
land, given that during the dry season the tank foreshore typically becomes pasture for
the village herd, often overgrown by scrub vegetation used for fuelwood (particularly
when runs of consecutively drier years fail to fill the tank and, therefore, to irrigate its
command area), and even simple runoff agriculture in the tank bed itself. These commonproperty tanks serve as floodwater retention areas that can store huge amounts of the
stormwater runoff and thereby minimize the flooding risk during the cyclone season
(Balasubramanian undated). The restoration and rehabilitation of these multi-purpose “no
regrets” water harvesting structures of the Chola period in southern India and Sri Lanka
(Gilliland et al. 2013) is of resounding relevance to the environmental uncertainties of the
Anthropocene—not just as fascinating cultural heritage but as functional man-made
environmental capital suited to sustaining long-term agricultural and societal resilience.

4.6

Summary
This chapter reveals a coincidence between long-term rainfall variability and the

rise of the Chola Kingdom during the Early Medieval Period of Indian history. Climatic
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data analysis for the modern instrumental period (1901–2010) indicates that the SOI is
one of the influencing factors in SWIMR and NEIMR variability, and more so during El
Niño years. Although the impacts of drought on earlier societies cannot be assessed with
the same methods as the modern era, some useful lessons can nonetheless be learned for
the Anthropocene from an understanding of premodern paleodrought impacts. The
identified modern relationships allow existing historical records to be deciphered in a
paleoclimatologically relevant perspective. These records indicate that El Niño-like
conditions occurred more frequently during the period between 850 and 1280 CE than
during any time prior (500–850 CE) or subsequent (1280–1900 CE) to it. The enhanced
NEIMR over the Chola territory and comparatively unfavorable climatic conditions over
the neighboring kingdoms from 850 to 1280 CE (El Niño-dominant period) were
advantageous to the Chola Kingdom. The Chola strategy of building tanks in the NEIMR
regions helped them to harvest and store water for domestic and agricultural purposes.
Their effective adaptation strategies to a variable climate, combined with robust
governance practices and a cohesive allegiance to the king, would have helped them to
develop substantial agricultural surpluses, and to provide the necessary economic
purchase to rise even further as a powerful empire ruling over SWIMR-dominated
regions in South India, Sri Lanka, and parts of Southeast Asia. The spatial diffusion of
their construction technologies indicates that the Chola Kingdom was able to expand its
territory to a greater extent and replicate its strategies by building more temples and tanks
beyond its heartland, eventually carrying the technology over from Tamil Nadu into
Karnataka, which entered its own “golden age of tanks” under Vijayanagar rule after the
13th century CE (Morrison 2015), when climatic fortunes turned and SWIMR began to
strengthen its hold on that region to new advantage. The Chola rulers also deployed a
variety of administrative strategies which also contributed to their supremacy in South
India. However, I suggest that this political dimension was an enhancing ingredient
crafted by the successive Chola rulers to capitalize on the climate-related economic
opportunities of the time rather than a purely “sui generis” feature of civilizational
genius—disconnected from the environmental context of the time.
This case study illuminates how, for example, the Chola historical heartland proved
more resilient that other regions of the Indian subcontinent during the El Niño-driven
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mega-droughts of 1876–1878, when famine killed millions in India and around the world.
Likewise, the consequences of chronic mismanagement of the extant Chola tank system
were illustrated in 2015 by the devastating impacts on human livelihoods and
infrastructure of extreme—yet fairly typical, by historical standards—meteorological
events. One key conceptual value of the Anthropocene lies in the importance of learning
from the lessons of the past in order to prepare for the future. A recurrence of centuries of
wetter NEIMR periods, or of intense rainfall events such as those of 2015, is a possibility
of the future. If historical knowledge is ignored, this is likely to increase the vulnerability
of human communities in an era of changing climate and accelerated land-use change,
where the capacity of the landscape (whether natural or man-made) to behave in
predictable ways becomes modified beyond the response and stewardship capacity of
land managers. The tanks serve as an effective mitigation option to manage the negative
impacts of flood and drought in South India. Growing water demand from a growing
human population in highly variable rainfall zones of South India thus calls for continued
rehabilitation of existing tanks. Given further that the region has reached peak
groundwater extraction, the restoration and perhaps expansion of these tank systems is of
great importance for assisting with groundwater recharge. The proper maintenance of this
water harvesting infrastructure also supports rural livelihoods in many other ways, such
as raising livestock, fish farming, pottery-related crafts, and brickmaking work. Natural
hazard mitigation and economic prosperity and social well-being (which partly hinge on
avoiding the loss of crops, buildings and human lives as a consequence of extreme
climatic events) are two sides of the same coin. The Cholas understood this and invested
in a “no regrets” system of its time where a second, tank-irrigated cropping season was a
vehicle for shorter-term enrichment, but where the infrastructure and its wide spread
across the landscape also became a long-term insurance system against famine
(illustrated by the 1878 ENSO famine) and flood damage. Planners and policymakers
should thus gain from restoring value to the existing tank system as a means of managing
climatic risk in South India, and for ensuring the related goals of food security, food
sovereignty, and urban flood hazard in a suitably managed, “capable” landscape.
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5 Dissertation conclusion
5.1

Summary
In the first research question, the spatio-temporal variations of NEIMR at pentad

time step were examined and the probability of its occurrence during 1982-2014 were
identified using the Hidden Markov Model (HMM). Three rainfall states were identified
during the NEIMR season, which were the wet (State-1), the coastal wet (State-2), and
the dry (State-3) states. Seasonal total NEIMR was significantly and positively correlated
with the frequency of State-1, whereas it was negatively correlated with that of State-3,
indicating the crucial role of the rainfall states in determining water requirements in the
southeastern peninsular India. The rainfall states were associated with distinctive
atmospheric circulation and temperature patterns, particularly the wet (State-1) and the
dry (State-3) conditions. The wet conditions were characterized by enhanced cyclonic
activities and increased moisture convergence at 850 hPa over the southeastern
peninsular India and its neighboring oceanic regions (Bay of Bengal and Indian Ocean).
In contrast, the dry conditions were associated with the anticyclonic circulation and the
reduced moisture convergence at 850 hPa. The plausible physical mechanisms behind the
wet (dry) condition could be that anomalous warmer (cooler) land temperature above
20°N induced lower (higher) sea level pressure anomalies and drove anomalous
southwesterly (northeasterly) surface winds over the NEIMR region. These anomalous
surface winds and the associated lower-level cyclonic (anticyclonic) circulations could
enhance (suppress) moisture transport from the convergence regions over the Bay of
Bengal and northern Indian Ocean into the southern peninsular of India. Overall, the
findings reveal that the pentad variability of NEIMR with the classified three rainfall
states and the key atmospheric circulation and temperature patterns linked to these
rainfall states.
In the second research question, the associations between the pentad NEIMR over
the southeastern peninsular India with the ocean and atmospheric conditions over the
surrounding oceanic regions during the months of October to December for the period
1985-2014 were identified. The non-parametric correlation and composite analyses were
carried out for simultaneous and lagged time steps (up to four lags) of oceanic and
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atmospheric variables with pentad NEIMR. The results indicate that NEIMR was
significantly correlated: 1) positively with both sea surface temperature (SST) during the
lag-2, lag-3 and lag-4 time steps and latent heat flux (LHF) during the same and lag-1
time steps, over the equatorial western Indian Ocean region, 2) positively with SST and
negatively with LHF during all the simultaneous and lag time steps, over the Bay of
Bengal region. During the wet NEIMR pentads over the southeastern peninsular of India,
SST significantly increased over the Bay of Bengal during all the time steps and the
equatorial western Indian Ocean during the lag-2, -3, and -4 time steps, while the LHF
decreased over the Bay of Bengal (all time steps) and increased over the Indian Ocean
(same and lags-1 and -2). The investigation on ocean-atmospheric interaction revealed
that the enhanced LHF over the equatorial western Indian Ocean was related to increased
atmospheric moisture demand and increased wind speed, whereas the reduced LHF over
the Bay of Bengal was associated with decreased atmospheric moisture demand. The
vertical integrated moisture flux and moisture transport vectors from 1000 to 850 hPa
exhibited that the moisture was carried away from the equatorial western Indian Ocean to
the strong moisture convergence regions of the Bay of Bengal during the same and lag-1
time steps of wet NEIMR pentads. Further, the moisture over the Bay of Bengal was
transported to the southeastern peninsular through stronger cyclonic circulations, which
was confirmed by the moisture transport vectors and positive vorticity. The identified
ocean and atmospheric processes, associated with the wet NEIMR conditions over the
southeastern peninsular of India, could be a valuable scientific contribution for enhancing
rainfall predictability, which has a huge socioeconomic value to the agricultural and
water resource management sectors in the southeastern peninsular India.
In the third research question, the lessons drawn from how the societies in South
India adapted to varying climate in the past was examined. An investigation of
instrumental and proxy climatic datasets between 500 and 2010 CE indicates that the
period between ~850 and ~1300 CE, a time of frequent El Niño-like conditions, was
associated with a substantial increase in NEIMR, whereas South-West Indian monsoon
rainfall (SWIMR) suffered substantial deficits. The spatial pattern and chronology of
water-harvesting infrastructure development under Chola rule indicate that these features
were concentrated in the NEIMR-receiving regions of southeastern India and that their
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construction peaked during El Niño-dominated intervals. Overall, enhanced NEIMR
conditions and adaptation strategies practiced in the Cholas territory, combined with less
favorable climatic conditions over the neighboring kingdoms, appears to have
underpinned the well-documented political and economic strengths of the Chola
superpower. It is inferred that the water management infrastructure promoted by the
Chola rulers helped to buffer the consequences of climatic extremes in later history,
whether droughts (e.g. the El Niño-related mega-drought of 1876–1878) or floods
(because the reservoirs can contain surplus runoff). More recently, however, a preference
for groundwater irrigation and other landscape changes driven by population pressure has
made the region more vulnerable to the incidence of heavy NEIMR episodes, as
illustrated by the severe floods of 2015. Future climate adaptation planning in South Asia
should appreciate the merits of restoring and expanding the currently decaying legacy of
Chola-style “no regrets” water management infrastructures.

5.2

Future works
The farmers, decision makers from the agriculture sector, and other planning

agencies in the southeastern peninsular of India are lacking reliable longer lead-time
(more than a week time) rainfall forecast information, but it is critical for decisionmaking in the agricultural sector to manage climate associated risks. This dissertation
revealed the persistence of three distinct rainfall states and the key atmospheric
circulation and temperature patterns linked to these rainfall states. In addition, the driving
forces behind ocean and atmospheric conditions and moisture transport processes
associated with the wet NEIMR conditions were identified with a temporal evolution
(various lags). The identified driving ocean and atmospheric conditions could be used to
develop an intra-seasonal statistical forecasting model. The reanalyses data set used in
this study was at lower resolution, however if there are data sets available with better
spatial resolution, that could create improved chances for better understanding synoptic
patterns and physical processes associated with the regional NEIMR variability. As the
seasonal NEIMR variability was associated with the inter-annual climate indicator of
Southern Oscillation Index (SOI), the relationship could be used in the forecasting model
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to predict the seasonal characteristics of NEIMR. Further, the intra-seasonal ocean and
atmospheric drivers could be used to predict the intra-seasonal NEIMR variability. Tamil
Nadu State Planning Commission’s 2012-2017 planning document highlighted that there
is a willingness to incorporate climate forecast information at various time scales to
minimize the climate associated losses in Tamil Nadu (GoT, 2012). The policy makers in
Tamil Nadu welcome such initiative as a positive sign for developing new tools and
practices of climate risk management in the future. Developing forecast tools will be
helpful to convince the policy makers for developing programs and projects to benefit
millions of rice cultivating households at-risk in Tamil Nadu.
An intermediate complexity global circulation model (PlaSim; Fraedrich et al. 2005)
was used to investigate the sensitivity of NEIMR over the southeastern peninsular India
to the changed SSTs over the Bay of Bengal and the equatorial western Indian Ocean
regions. The observed interactions between ocean and atmosphere over the two oceanic
regions described in section 3 could not be simulated successfully. The modeling results
highlighted that the parameterization for the ocean and atmosphere interactions over the
Indian Ocean might need to be improved in climate models. The identified ocean and
atmospheric processes, associated with the wet NEIMR conditions over the southeastern
peninsular India from this dissertation, could be a valuable scientific input for enhancing
the rainfall simulations not only at intra-seasonal but also potentially at seasonal and
longer term in climate models. A modeling experiment could be designed with a more
complex global circulation model with improved spatial resolution to evaluate how the
dynamics of ocean and atmospheric interactions over the Bay of Bengal and Indian
Ocean are simulated and how they are associated with wet conditions over the
southeastern peninsular India.
The role of land on the NEIMR was not investigated in this dissertation.
However, the land could have a role on the monsoon circulation and rainfall distribution.
Meehl et al. (1994) proposed an internal feedback mechanism that highlighted that
increased evaporation and transpiration increased the upward latent heat fluxes, and
further increased the moisture in the atmosphere conducive for convective activities over
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land. The preliminary investigation on land parameters at pentad time step did not show
any clear results. Probably, the land might have a role on influencing the diurnal
variability of NEIMR. The land surface temperature and soil moisture conditions could
provide a favorable or unfavorable environment for cyclones to make landfall and
propagation in to the interior landmass. For example, the warmer landmass over China
attracted more super typhoons, which originated in the South China Sea and made
landfall over China (Xu et al. 2013). Similarly, for the SWIMR season, the antecedent
ground wetness over the Indian subcontinent provided a favorable condition for monsoon
depression and cyclonic storms to penetrate deeper into the Indian landmass (Kishtawal
et al. 2013). As the ocean-atmosphere condition indicated about the stronger cyclonic
circulations contribution to the wet NEIMR conditions over the southeastern peninsular
India, exploring the roles of land conditions on influencing the cyclonic events crossing
the southeastern India would address some of the scientific gaps identified from the past
studies.
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